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Cerebrospinal fluid probably arises in large part from the highly vascu- 
lar chorioid plexuses. To fluid from this source is added a relatively 
small, perhaps insignificant amount of fluid from the ependymal cells 
of the ventricles. The ventricular fluid with these origins slowly flows 
into the subarachnoid space where it receives an addition, unknown in 
quantity but probably small, from the perivascular spaces of the brain 
and, in the opinion of some, from the blood vessels traversing the sub- 
arachnoid space. From the subarachnoid space, the fluid drains into 
the venous sinuses of the dura mater. 

Interest in the chemistry of the fluid has been stimulated to a con- 
siderable degree by the problem which will be considered here. Briefly 
stated, this problem is to determine the rdéle played by the membranes 
separating blood and cerebrospinal fluid in the distribution of ionic and 
molecular species between the two fluids. In particular, there is the 
question whether the chorioid plexus, the walls of its capillaries, the 
connective tissue cells of its stroma or the epithelial cells of its ventricu- 
lar border perform work in the formation of cerebrospinal fluid or 
whether substances are distributed between fluid and blood as would 
occur across an inert, lifeless membrane. 

To treat this problem exactly in a thermodynamic sense it is not 
sufficient to know the concentrations of the solutes of blood plasma and 
cerebrospinal fluid. Accurate analysis calls for use of the activities of 
all the substances in the blood plasma at the pressure which exists in 
the capillaries of the chorioid plexus and the activities of the substances 
present in the cerebrospinal fluid. It is unnecessary to discuss this 
function here but perhaps it is useful to suggest that it may be thought 
of as the ‘‘effective concentration” or “apparent concentration” rather 
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than the actual concentration (80). With the necessary data on activi- 
ties it would then be possible to determine whether first, fluid and plasma 
are in equilibrium with one another; or second, the activities of sub- 
stances in the fluid are less than that necessary for equilibrium with the 
plasma; or third, the activities of substances in the fluid are greater than 
that at equilibrium. We shall discuss the significance of each of these 
three possibilities. 

Cerebrospinal fluid contains practically no protein. If it were in 
equilibrium with blood plasma, the distribution of ions between the two 
solutions would consequently be defined by the Gibbs-Donnan law. 
The consequences of this law are as follows: Consider a dilute and ideal 
solution containing Nat- ions, Cl--ions and protein, P-. If this solu- 
tion be in equilibrium with a protein-free solution across a membrane 
impermeable to protein; then the concentration of Cl--ions in the pro- 
tein-free solution is greater than in the protein-containing solution, and 
the concentration of Na*-ions in the protein-containing solution is 
greater than in the protein-free solution. The relationships of the con- 
centrations of the ions at equilibrium are expressed by the ratios: 


(Cl-) pp (Na*)p in which the subscript, P, refers to the protein-con- 
epee: taining solution and the subscript, PF, to the pro- 
Cl + ’ ’ 
pp tein-free solution. 


If the solutions contain anion D~ in addition to Cl-, and cation B++ 
in addition to Nat, and if the sum of all the anions be A-, then at 
equilibrium (22): 


VIB)... 
(I)p (D)p  V(Bt)pp 


The ratio of concentrations of molecular species to which the membrane 
is permeable is unity at equilibrium. Thus, for example, if urea were 
present in the solutions, at equilibrium: 


(Urea), = (Urea) pp 


As stated, these relationships involving concentrations of ions and 
molecules hold strictly only in the ideal solution in which the osmotic 
pressure obeys the simple gas laws; in more concentrated solutions, it is 
not possible to work exactly with concentrations but instead the activi- 
ties of the solutes must be used. Unfortunately there are not satisfac- 
tory data relating the activities of the substances in the plasma to those 
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in protein-free fluids separated from the plasma. A discussion of the 
nature of cerebrospinal fluid must consequently introduce those inaccu- 
racies and confusions which go with the use of concentrations. Pre- 
liminary to this discussion we can, however, compare in a very inade- 
quate way the ratio of concentrations and the ratio of activities of a few 
substances distributed between plasma and a protein-free fluid separated 
from it. 

There is the possibility that in both cerebrospinal fluid and blood 
plasma the activities of the solutes are the same or approximately the 
same function of the actual concentrations. If this were true, the ratio 
of concentrations would equal or approximate the ratio of activities. 
There is a little evidence, in the case of a few ions, bearing upon this 
question. 

Following an analysis made by Van Slyke, Wu and McLean (84) and 
by Van Slyke (83), the distribution ratio of ions between serum and 
cerebrospinal fluid at equilibrium may be expressed in terms of (P>), 
the concentration of protein ions in the plasma, by the following 
equations: 


(Cl-)p + (A-)p + (P>)p 
(Cl-)p (A-)p 


where A represents the sum of the monovalent anions. The value 
(P-)p was obtained by measuring the base-binding power of the pro- 
teins of the serum and the value (A~)p by quantitative analysis of the 
anions of the serum. Substitution of these values in the equation for r 
gave an anticipated value for the distribution ratio of anions between 
plasma and a dialysate in equilibrium with it of 1.04 and a distribution 
ratio of 1/1.04 or 0.96 for the cations. 

These values came from calculations based on an assumption that the 
ratio of the activities of an ion in serum and dialysate is as the ratio of 
the concentrations of the ion. To test the soundness of this assumption 
it is necessary to compare the anion and cation concentrations of serum 
and a fluid presumably in equilibrium with it. This has been done (41) 
for serum and practically protein-free edema fluid; and, in an in vitro 
experiment across a collodion membrane, with serum and its dialysate 
at equilibrium. In the case of HCO;, Cl-, Nat, and H*-ions, those 
ions determined with the greatest degree of accuracy, the distribution 
ratios found by quantitative analysis approximated quite closely the 
predicted ratios. There were, however, both in edema fluid and in the 
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in vitro experiments, rather small but constant deviations from the 
predicted ratios which suggested that the activity coefficients of the 
ions are different in the protein-containing plasma and the protein-free 
dialysate. A solute’s distribution ratio between blood plasma and a 
protein-free body fluid separated from it when calculated from concen- 
trations may consequently be anticipated only to approximate the distri- 
bution ratio based on activities. It is for this reason that concentra- 
tions provide an inexact criterion of equilibrium. 

Up to this point we have been considering largely the distribution of 
substances between plasma and a protein-free fluid in equilibrium with 
it. The criteria which must be used to determine whether the cells of 
the chorioid plexus do work in the formation of cerebrospinal fluid 
remain to be discussed. There is obviously the possibility that the 
concentration (or better, the activity) of a substance in the cerebro- 
spinal fluid exceeds the equilibrium value. To concentrate this sub- 
stance in the cerebrospinal fluid work must be done. It consequently 
becomes important to have a measure of the minimum amount of work 
necessary for the concentration-change. This quantity, the minimum 
amount of work necessary for the concentration-change, is equal to the 
free-energy gained by the cerebrospinal fluid from the concentration- 
change. We shall not define this thermodynamic quantity, the free- 
energy, here. Suffice it for our purpose to note that the free energy 
change, AF (and hence the minimum amount of work necessary for the 
concentration-change), for any arbitrary quantity of cerebrospinal fluid 
formed from the plasma, may be calculated approximately from the 
equation: 


C e.s.f. 


AF = NRTIin 


where N is the number of mols of a substance present in the arbitrary 
quantity of cerebrospinal fluid, R is the gas constant, T, the absolute 
temperature and C, concentration.! If the concentration of a substance 
in the cerebrospinal fluid is below the equilibrium value, AF becomes 
negative and the system which we are considering gains work. 

It is perhaps apparent from the foregoing discussion that knowledge of 
the nature of the process by which cerebrospinal fluid is separated from 
blood is to be approached by simultaneous analysis of blood plasma and 


1 This calculation of the free-energy change is based on the assumption that a 
finite quantity of cerebrospinal fluid is formed from an infinite quantity of blood 
plasma. For a justification of this procedure see Borsook and Winegarden (9). 
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cerebrospinal fluid. If the distribution of all diffusible ions and mole- 
cules between the two fluids be found in agreement with predictions 
made by Donnan’s law, it is to be concluded that the two fluids are in 
equilibrium. Deviations from Donnan’s law for any substance involves 
a free energy change and the sum of these free energy changes for all 
substances will equal the minimum amount of work necessary to account 
for the formation of the fluid. With this in mind, we shall review 
briefly investigations concerning the distribution of substances between 
blood and cerebrospinal fluid and, having collected these chemical data, 
attempt toevaluate them. The literature on this subject is so large that 
no effort will be made to include all the available reports of the last ten 
years. . 

NON-ELECTROLYTES. Protein. The blood plasma protein varies 
between wide limits generally accepted to be from 6300 to 8500 mgm. 
per 100 cc. Of this about 63 per cent is albumin, and about 36 per cent 
globulins. 

There have been numerous estimations of the protein content of the 
human cerebrospinal fluid. This has been found to average about 25 
mgm. per 100 cc. with extremes of 16 mgm. and 38 mgm. per cent (2, 
43, 46, 51). Of this protein, about 6 mgm. per cent is globulin and 20 
mgm. per cent albumin (46, 51), i.e., about 80 per cent of spinal fluid 
protein has been found to be albumin. Numerous observers (45, 93) 
have pointed out that the protein content of cerebrospinal fluid is higher 
in the lumbar than in the cranial subarachnoid spaces. Ayer and 
Solomon (3) found 10 mgm. per cent in ventricular fluid, 25 mgm. per 
cent in fluid from the cisterna magna, and 30 mgm. per cent in lumbar 
fluid. 

The cerebrospinal fluid, then, contains only about 0.4 per cent as much 
protein as the blood plasma and in this respect can be regarded as a 
practically protein-free filtrate of the blood. An albumin: globulin 
ratio somewhat higher than that of the plasma is perhaps to be ex- 
plained by the smaller molecular size and greater diffusibility of albumin. 

Amino acids. Walter (86) in a review pointed out that the concen- 
tration of amino-acid nitrogen of cerebrospinal fluid has been found to 
be about 30 per cent of that of the blood. Lickint (57) found 1.5 to 
3.0 mgm. per cent amino-acid nitrogen in human cerebrospinal fluid 
and similar values have been found for the fluid of dogs (47). Lickint 
reported the concentration of amino-acid nitrogen in the cerebrospinal 
fluid to be from 15 to 30 per cent that of the serum. His values for the 
amino-acid content of serum, however, are considerably higher than 
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those reported by others, and the discrepancy between plasma and 
cerebrospinal fluid amino-acid concentration becomes smaller if the 
lower values for plasma amino-acid be correct. Even with this cor- 
rection, however, the amino acids of plasma and cerebrospinal fluid 
do not appear to be in equilibrium. The free energy change involved 
in the transfer of amino acids to spinal fluid amounts to minus one 
calorie or less per liter. 

Creatinine. The creatinine of cerebrospinal fluid has generally been 
found to be less than that of the blood. Its concentration in normal 
cerebrospinal fluid varies from 0.45 mgm. to 2.20 mgm. per cent (14, 
23). Cockrill (14) reported a distribution ratio between cerebrospinal 
fluid and blood varying from 0.38 to 0.98. Egerer-Seham and Nixon in 
one instance found a distribution ratio greater than one. In general, 
however, the concentration of plasma creatinine appears to be higher 
than that of spinal fluid and the two fluids consequently are not to be 
considered in equilibrium with respect to creatinine. The free energy 
change is too small to be of significance in this discussion. 

Uric acid. In a review of the chemistry of the cerebrospinal fluid, 
Fremont-Smith (29) pointed out that uric acid has been found in higher 
concentration in blood plasma than in cerebrospinal fluid. Cockrill (14) 
found from 6.91 to 2.93 mgm. per 100 cc. of water in blood plasma and 
from 2.81 to 0.47 mgm. per 100 cc. of water in cerebrospinal fluid. The 
water ratio of cerebrospinal fluid to blood plasma uric acid varied from 
0.070 to 0.672. Cockrill remarked that the determination of uric acid is 
not of sufficient specificity or accuracy to permit exact conclusions regard- 
ing its distribution though there was no doubt that its concentration in 
plasma is definitely greater than in cerebrospinal fluid. The uric acid 
concentration of cerebrospinal fluid, therefore, is below that necessary 
for equilibrium with the blood plasma and a free energy change of 
approximately minus 0.1 calorie per liter is involved in its distribution. 

Cholesterol. The normal, total plasma cholesterol varies from 100 
to 230 mgm. per 100 cc. (69). A series of investigations (55, 12, 82) 
has failed to reveal cholesterol in the cerebrospinal fluid. 

Urea. Galan and Houssay (34) found practically the same concen- 
tration of urea in blood, lymph, certain secretions, and spinal fluid. 
When blood urea was tripled by intravenous injection, a parallel rise 
quickly occurred in lymph and the secretions, whereas spinal fluid 
slowly reached the same level. Cullen and Ellis (19) found serum urea 
to vary from 20 to 42 mgm. per 100 ce. and spinal fluid urea to lie within 
the limits 22 to 46 mgm. per 100 cc. In most cases the difference be- 
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tween blood and cerebrospinal fluid urea was less than 2 mgm. per 100 
ec. These are the only analyses, based on apparently reliable methods, 
which have given practically equivalent values for the concentration of 
urea in blood and spinal fluid. 

Most investigators have found the concentration of urea in serum to 
be definitely higher than in cerebrospinal fluid (23). Cockrill (14) 
pointed out that an equal distribution of urea between serum and cere- 
brospinal fluid means that the cerebrospinal fluid with a higher water 
content than serum would be expected to have a higher concentration 
of urea. He found, however, 4.64 to 39.38 mgm. urea per 100 ce. | 
spinal fluid in man and a water ratio of cerebrospinal fluid to plasma urea 
of from 0.199 to 0.424. With production of an experimental uremia in 
cats, the concentration of urea in blood and cerebrospinal fluid increased 
at about the same rate, and a discrepancy always existed between the 
two concentrations. Cockrill also took contemporary samples of plasma 
and cerebrospinal fluid, separated them by a collodion membrane, and 
demonstrated that as equilibrium was approached, the urea concentra- 
tion of the two fluids became approximately the same. 

One must conclude from these results that in most cases the urea 
concentration of cerebrospinal fluid is definitely lower than that of the 
plasma. This is obviously opposed to a state of equilibrium and 
involves a free energy change of approximately minus 0.9 calorie per 
liter. 

Sugar. The blood sugar concentration of normal persons after a fast 
of from 12 to 16 hours usually falls within the limits of 70 to 120 mgm. 
per 100 cc. ‘For the most part, however, the published data indicate 
the existence in normal blood of non-glucose reducing substances 
amounting to 10 to 30 per cent of the ‘sugars’ determined by the usual 
methods” (69). It is claimed by some authors (73, 39, 11) that an 
important part of the plasma “glucose”’ is in colloidal combination and 
hence non-diffusible. Their results have come from ultrafiltration of 
plasma and serum and are possibly erroneous because of the use of exces- 
sive pressures with consequent dilution of the ultrafiltrate (38). Most 
investigators agree with Michaelis and Rona (66) that plasma glucose 
is entirely diffusible and this last conclusion is substantiated by vivi- 
dialysis experiments (72). 

In the past there has been divergence of opinion as to the nature of the 
principal reducing substance in cerebrospinal fluid. It has been thought 
to be pyrocatechin, a pyrocatechin derivative, galactose and glucose. 
That it is glucose has been established by Schloss and Schroeder (74) 
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and substantiated by several authors (49). A portion of the total reduc- 
ing substance amounting in some cases to as much as ten per cent has 
been found not to be glucose though its identity is still unknown (44, 30, 
18). 

A great many determinations have been made of the sugar content 
(i.e., content of total reducing substances of normal cerebrospinal fluid) 
and its relation to that of the blood. Because variations of blood sugar 
are rather slowly reflected in the cerebrospinal fluid, recent analyses have 
been made after fasts of from 8 to 12 hours. Under these conditions, 
cerebrospinal fluid sugar has been found by most authors to vary from 
45 to 80 mgm. per 100 ce. and its ratio to that of the blood has fallen 
within the limits of 45 to 80 per cent, with an average of about 55 per 
cent (1, 67,94). Most of these determinations have been made on fluid 
from the lumbar subarachnoid space. Ayer and Solomon (3) found 
ventricular fluid to contain about 80 mgm. per cent and lumbar fluid 60 
mgm. per cent, with cisternal fluid having a value between these two. 
Stewart (79) reported the sugar content of ventricular fluid 8 mgm. per 
cent higher than that of lumbar fluid. 

Efforts have been made to correlate variations in blood and cerebro- 
spinal fluid sugar. It is evident from the data just presented that 
relatively high or low blood sugars within normal limits are not usually 
reflected accurately in the cerebrospinal fluid. Munch-Peterson (67) 
presented findings which suggested that the distribution ratio varied 
from one person to another but is practically constant for an individual. 
Large and prolonged changes in blood sugar are accompanied by definite 
changes in cerebrospinal fluid sugar. Fluids from diabetics show in- 
creased sugar though a normal distribution ratio has been found in such 
cases (36). In agreement with this, experimental hyperglycemia has 
been shown to be accompanied by hyperglycorachia and experimental 
hypoglycemia, by hypoglycorachia (48, 71). 

If it be accepted that the sugar of blood is completely diffusible, it is 
evident on the basis of the experimental evidence mentioned above that 
cerebrospinal fluid contains on the average only a little more than half 
the concentration of sugar found in plasma. The discrepancy becomes 
even larger if the findings be corrected for the greater water content of 
the cerebrospinal fluid. It has been suggested that this difference is 
due to consumption of cerebrospinal fluid sugar by the cells of the central 
nervoussystem. There is no direct experimental evidence on this point, 
however, and the relatively small differences between ventricular and 
lumbar fluids speak against the completeness of this explanation. 
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Recently, however, experimental findings have been presented (18). 
which appear to reduce considerably the discrepancy between serum 
and cerebrospinal fluid glucose. The small distribution ratios previ- 
ously reported are to be explained, according to these investigations, 
by a considerably higher concentration of non-glucose reducing sub- 
stances in the serum than in the cerebrospinal fluid. The significant 
finding has also been made that wave-like variations amounting to 15 
to 20 mgm. per cent occur in the blood glucose of fasting patients (18). 
Depending in part on the phase of glucose concentration at the time 
when blood is taken for analysis, the concentration of true glucose in 
cerebrospinal fluid may be from 71 to 128 per cent of that of the blood, 
the average value being 88 per cent. 

These recent data make it difficult to evaluate the relationship of 
cerebrospinal fluid glucose to plasma glucose. If they be substantiated, 
and if determinations be made on ventricular fluid with its higher glu- 
cose content rather than on lumbar fluid, there is the possibility that 
spinal fluid glucose may be demonstrated to be in equilibrium with 
plasma glucose. In the absence of this information, however, we shall 
conclude tentatively that spinal fluid glucose is not in equilibrium with 
plasma glucose and that its distribution involves a free energy change of 
approximately minus 0.4 calorie per liter. 

ELECTROLYTES. Chloride. The chloride content of normal human 
plasma is generally accepted to be between 560 and 630 mgm. per 100 
ec. expressed as NaCl (69). Values within this range have been found 
in plasma when simultaneous determinations of the chloride content of 
cerebrospinal fluid and plasma have been made. The method of in 
vivo dialysis has substantiated the conclusion drawn from other methods 
that serum chloride apparently exists in a free state and is wholly diffu- 
sible (37). 

Fremont-Smith and Dailey (31) found cerebrospinal fluid chloride 
expressed as NaCl, to vary from 720 to 750 mgm. per 100 cc. and re- 
ported no difference in this respect among ventricular, cisternal and 
lumbar fluids. An equivalent concentration of cerebrospinal fluid 
chloride has been reported by many others (40, 70, 94), and, using 
average findings, the ratio of concentration of cerebrospinal fluid chloride 
to serum chloride has been found to be about 1.2 (86, 77). Kubie and 
Shultz (54) found this ratio to vary in individual cases from 0.95 to 
1.30, the majority of their determinations falling between 1.10 and 1.25. 
It is evident, therefore, that in almost all instances the concentration of 
cerebrospinal fluid chloride has been found greater than that of the 
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plasma though there appears to be no constant factor of distribution 
among many individuals which permits calculation of cerebrospinal 
fluid chloride from knowledge of plasma chloride. 

Some inquiry has been made into the variation of cerebrospinal fluid 
chloride produced by variation of plasma protein and plasma chloride. 
Kubie and Shultz (54) injected large quantities of saline solution intra-~ 
venously, causing protein dilution without change in serum chloride 
concentration, and found cerebrospinal fluid chloride reduced. A far 
greater reduction resulted from intravenous, hypertonic glucose which 
lowered the concentration of both the protein and chloride of plasma. 
It has also been found that an increased pretein content of the serum, 
as found in dehydration, leads to increased cerebrospinal fluid chloride; 
that decreased plasma protein concentration leads to decreased cerebro- 
spinal fluid chloride and that increased cerebrospinal fluid protein, as 
found below spinal tumors, is accompanied by decreased cerebrospinal 
fluid chloride (29, 31). 

All these findings are compatible in a qualitative way with Donnan’s 
law. As the law predicts, normal cerebrospinal fluid contains a higher 
concentration of chloride than plasma; this difference is reduced when 
the protein concentrations of the two fluids are made to approach one 
another and becomes magnified when the protein concentrations are 
made more divergent than in the normal case. If it be assumed that 
the chloride of blood plasma and cerebrospinal fluid is actually in 
equilibrium, knowledge of its distribution is of great importance for it 
provides a base with which to interpret the distribution of other electro- 
lytes. Then at equilibrium, according to Donnan’s law, all monovalent 
anions must have a distribution between cerebrospinal fluid and plasma 
like that of Cl--ions, namely, an average of about 1.13, and all mono- 
valent cations must have a distribution equivalent to the reciprocal of 
this value, namely, about 0.88. 

This distribution ratio, however, differs appreciably from that caleu- 
lated on the basis of the base-binding power of the blood serum proteins 
and found to be valid for edema fluid and serum in equilibrium across a 
collodion membrane with a dialysate. Consequently there is the possi- 
bility that plasma and spinal fluid chlorides are not in equilibrium, that 
work must be done to account for the concentration of chloride in the 
spinal fluid. This is the view to be taken here and the free energy 
changes involved in the transfer of ions will be calculated on an assumed 
equilibrium distribution ratio of monovalent anions between cerebro- 
spinal fluid and blood plasma of 1.04. On this basis the minimum 
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amount of work necessary for the concentration of chloride in spinal 
fluid is 6.4 calories per liter. It is to be noted that there will be practi- 
cally no difference in the total free energy change for the formation of 
cerebrospinal fluid if the equilibrium distribution ratio for chloride be 
taken as 1.13. 

Phosphate. The inorganic phosphorus content of blood serum has 
been found to vary from 2 to 5 mgm. per 100 ce. (69). A small part of 
this has been thought present in complex combinations; this view has 
been substantiated by the in vivo dialysis experiments of Greene and 
Power (37) who found an average of only 94 per cent of the inorganic 
serum phosphate in the dialysate. Cerebrospinal fluid appears to con- 
tain only very small amounts of organic phosphorus, practically all of 
this element being present in the inorganic form (42, 96). 

In a series of normal cases the inorganic phosphorus of the cerebro- 
spinal fluid has been found to vary between 1.25 and 2.00 mgm. per 100 
cc. with an average value of about 1.6 mgm. per 100 cc. (15, 40, 50, 62). 
Concentrations as low as 0.8 mgm. per 100 cc. have been reported (70, 
77). Cohen (15) and Hamilton (40) noted from their findings that the 
inorganic phosphorus of cerebrospinal fluid is about 50 per cent of that 
of plasma; Stary, et al. (77) placed the average distribution quotient at 
44 per cent; Killian, et al. (50), found it to vary from 38 per cent to 50 
per cent with an average of 45 per cent, and remarked that these ratios 
were surprisingly constant. 

It is apparent, then, that the inorganic phosphate content of cerebro- 
spinal fluid is about half that of the blood plasma. This is to be con- 
trasted with the state of equilibrium obtained by Greene and Power in 
their in vivo dialysis experiments in which the dialysate contained inor- 
ganic phosphate in a concentration of 94 per cent of that of the plasma. 
It is to be concluded, therefore, that with respect to inorganic phosphate 
the cerebrospinal fluid is far removed from equilibrium with the blood 
plasma. A free energy change of about minus 0.2 calorie per liter is 
involved in its distribution. 

Bicarbonate. The bicarbonate of blood serum is considered to be 
wholly diffusible. This conclusion has recently been substantiated by 
vivi-dialysis experiments (37). 

The CO, of cerebrospinal fluid has been found to vary between the 
limits of 40 to 60 volumes per cent (23, 40, 70). Equivalent concentra- 
tions for spinal fluid and venous plasma have been reported (70) but 
many of the determinations show a lower concentration for fluid than 
for plasma. Hamilton (40) found an average value of 25 millimols of 
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bicarbonate per 1000 grams of venous plasma water and 21 millimols per 
1000 grams of cerebrospinal fluid. The bicarbonate content of arterial 
plasma may be estimated by subtracting two millimols per liter from 
the values obtained on venous plasma; with this correction, however, 
cerebrospinal fluid bicarbonate on the basis of Hamilton’s findings is less 
than that of the plasma from which the fluid is derived. 

Donnan’s law demands for equilibrium a slightly higher concentration 
of bicarbonate in spinal fluid than in arterial plasma. This is indicated 
to be true by a few cases. There are many deviations from this, how- 
ever; as Hamilton suggests, it is difficult to be certain of the meaning of 
these discrepancies. More conclusive statements as to equilibrium 
await the comparison of the bicarbonate content of arterial blood and of 
the bicarbonate content of fluid from the ventricles rather than from the 
subarachnoid space. 

Hydrogen ions. Some investigators have found the cerebrospinal 
fluid more alkaline than the blood plasma; others have found the two 
fluids to have the same reaction. Most of the early determinations 
took no account of the CO, content of the cerebrospinal fluid and so a 
false, alkaline reaction was reported. More recently, Waltner (88), 
Marinesco, et al. (59), and others have found the pH of cerebrospinal 
fluid to be slightly greater than that of plasma even though they claim 
to have guarded against loss of COs. 

Apparently wholly reliable determinations have been made by 
McQuarrie and Shohl (61). They pointed out that even greater care is 
necessary in handling cerebrospinal fluid than blood and that “‘to ana- 
lyze the results even of the latest and best investigations of the pH of 
the spinal fluid is difficult because experimental errors are not considered 
in the calculations.”” They found normal blood and cerebrospinal fluid 
to have the same pH, 7.35 to 7.40 + 0.02. The same conclusion has 
been reached by others (8, 25). 

In view of the most reliable findings, therefore, the pH of blood and 
cerebrospinal fluid must be regarded asthe same. This is not necessarily 
in contradiction to Donnan’s law and equilibrium for on the basis of a 
distribution ratio of 0.96 between cerebrospinal fluid and blood plasma 
for the cations the difference in H*-ion concentration at equilibrium 
would be of the magnitude of the experimental error. If, however, the 
equilibrium value for the H*-ions of plasma and a protein-free fluid 
separated from it is to be defined by the distribution ratio found for 
serum and edema fluid or serum and its in vitro dialysate (41), then 
the H+-ion concentration of spinal fluid exceeds the equilibrium value. 
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Sodium. The concentration of sodium in blood serum is approxi- 
mately 325 mgm. per 100 cc. or slightly less (69, 32, 21). It appears 
rather well agreed that about 10 per cent of this is bound to protein and 
so is non-diffusible (4, 11, 37). 

Fremont-Smith, et al. (32) found an average concentration of sodium 
in normal cerebrospinal fluid of 326 mgm. per 100 cc. and similar values 
have been reported by others (70, 21, 52). Fremont-Smith in every 
instance found a higher concentration of sodium in normal spinal fluid 
than in serum; the average difference amounted to about 3 percent. If 
correction be made for the non-diffusible plasma sodium and for the 
difference in water content of cerebrospinal fluid and plasma, the 
distribution ratio of sodium is about 1.05. This is a finding not far 
removed from the equilibrium ratio of 0.96 and the discrepancy may 
perhaps be explicable by experimental errors. We shall assume for 
the moment, however, that the difference is real, that sodium has been 
concentrated in the cerebrospinal fluid and that there has been a free 
energy change of about 7.8 calories per liter. 

Potassium. The potassium content of normal blood serum is said 
to be about 20 mgm. per 100 cc. (69). It has been concluded by several 
authors (4) that part of this is bound to the protein of the plasma and 
hence is present in a non-diffusible form. Greene and Power (37) 
calculate that 24 per cent of the potassium of dog’s serum is unavailable 
for dialysis, a value higher than that reported by most investigators. 

The potassium of cerebrospinal fluid has been found to vary from 
about 12 to 17 mgm. per 100 cc. (70, 24) and to have a concentration 
from 50 (52) to 69 (70) per cent that of the serum. Kral et al. (52) 
dialyzed cerebrospinal fluid and a contemporary serum against one 
another; after dialysis, the concentration of potassium in the cerebro- 
spinal fluid had risen to the value anticipated from equilibrium. Accept- 
ing the value for the adialyzable potassium of blood serum given by 
Greene and Power which is higher than that reported by most authors, 
it is nevertheless apparent that the potassium of cerebrospinal fluid is in 
lower concentration than that required for equilibrium with the blood 
plasma. A small free energy change of minus 0.6 calorie per liter is 
involved in its distribution. 

Magnesium. The concentration of magnesium in serum is normally 
from 1 to 3 mgm. per 100 ce. (69). It is estimated that between 35 and 
45 per cent of serum magnesium is bound to protein in an adialyzable 
form (20, 37) though a value as low as 28 per cent has been reported (76). 

In spite of the analytical difficulty of determining accurately the small 
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amounts of magnesium in cerebrospinal fluid, results are quite uniform 
and several investigators have found from 3.0 to 3.6 mgm. per 100 ec. 
of spinal fluid (17, 76). Occasional fluids have had concentrations as 
low as 1.02 mgm. per cent (24) or as high as 6.1 mgm. per cent (5). 
Analysis of contemporary samples of blood plasma and spinal fluid have 
consistently shown a definitely higher concentration of magnesium in 
spinal fluid than in plasma. All the authors referred to, excepting one 
(24), found cerebrospinal fluid to contain on the average from 125 to 
137 per cent as much magnesium as plasma. Stary et al. (76), dialyzed 
corresponding samples of serum and spinal fluid across a collodion 
membrane and at equilibrium found a higher concentration of mag- 
nesium in the serum than in the spinal fluid. 

In spite, then, of the large amount of magnesium bound to serum pro- 
tein, its concentration in the spinal fluid is significantly greater than 
the total concentration in the blood. The suggestion has been made, 
though it remains unsubstantiated, that this is due to diffusion of mag- 
nesium from the cells of the central nervous system into the cerebro- 
spinal fluid. Whatever the explanation, however, it is apparent that 
this fluid with regard to magnesium is not to be considered in equilibrium 
with the blood. A free energy change of 0.6 calorie per liter appears to 
be involved in its distribution. 

Calcium. Blood serum contains 9.0 to 11.5 mgm. of calcium per 100 
cc. From 40 to 60 per cent of this (11, 37, 69) has been found to be 
freely diffusible. 

The distribution of calcium between blood serum and cerebrospinal 
fluid has been widely investigated. The results of numerous investiga- 
tors are in such striking agreement as to call for little discussion. Cere- 
brospinal fluid calcium has been found to vary from 4.0 to almost 7.0 
mgm. per 100 ec. (50, 62, 56, 13) and to have a concentration from 40 to 
60 per cent as high as the blood serum. In more recent investigations 
(75), comparisons have been made of the calcium content of cerebro- 
spinal fluid and of the calcium content of the ultrafiltrate of contempo- 
rary samples of serum. The data obtained in this way indicate that 
spinal fluid calcium is a rather nice measure of the diffusible calcium of 
the plasma. Availing themselves of the sensitiveness of the frog’s heart 
to varying concentrations of Ca++-ions, McLean and Hastings (60) have 
recently shown that approximately 20 per cent of the spinal fluid calcium 
is non-ionized and about 80 per cent ionized. As yet they have pub- 
lished no comparative data on spinal fluid and contemporary blood. 
The available data on calcium distribution between plasma and spinal 
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fluid indicate that, with respect to this element, the two fluids are at 
least not far removed from equilibrium. More accurate and conclusive 
statements await simultaneous determination of the ionic rather than 
the total diffusible calcium of contemporary samples of blood plasma 
and spinal fluid. If the distribution ratio be unity, as is indicated by 
the available data, the free energy change is practically zero so that in 
this respect, for our purposes here, there is no significant difference from 
the distribution ratio, 0.92, anticipated for equilibrium. 

Lactic acid. The lactic acid concentration of cerebrospinal fluid, 
after a night’s rest, usually falls between the limits of 8 to 27 mgm. per 
100 ee. (35, 95). This is a concentration approximately 60 to 100 per 
cent of that of the venous blood. Spinal fluid lactic acid has been 
found to increase following a rise in the blood brought on by exercise. 
Most of the determinations under basal conditions show a definitely 
lower value in cerebrospinal fluid than in blood and so speak against 
diffusion equilibrium. Assuming an average distribution ratio of 0.8, 
from plasma to spinal fluid, a free energy change of only minus 0.3 
calorie per liter is involved. 

Iodide. Most investigators have failed to demonstrate iodide in the 
normal cerebrospinal fluid and some have obtained negative results even 
after large intravenous doses of KI (78, 16). Osborne (68), however, 
using Kendall’s method, found normal spinal fluid to contain approxi- 
mately 0.018 mgm. iodide per 100 cc., a concentration about that found 
for blood by the same method. Increase of blood iodide by intravenous 
injection led to increase of spinal fluid iodide. 

Most of the available data, however, indicate that iodides pass with 
difficulty into the cerebrospinal fluid from the blood. The data are so 
conflicting in a quantitative sense that they are of doubtful utility in 
this regard. 

Bromide. In numerous papers, Walter (85, 87) has discussed the 
distribution of bromide between blood and cerebrospinal fluid. Patients 
with normal fluid were given sodium bromide by mouth for five succes- 
sive days and on the sixth day simultaneous lumbar and venous punc- 
tures were made. Much time was in this way given for attainment of 
equilibrium between the two fluids. In spite of great difference in the 
absolute bromide concentration of the blood, its ratio to that of the 
cerebrospinal fluid was found to be extraordinarily constant and to 
average three to one. These results have been amply substantiated by 
other investigators using Walter’s method of bromide determination. 
Electrometric determination of serum and cerebrospinal fluid bromide 
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has given a distribution ratio from serum to the fluid varying from 1.6 
to 3.5 (65). 

The cerebrospinal fluid quite clearly cannot be considered in equilib- 
brium with the plasma with respect to bromide. Donnan’s law de- 
mands in this instance, as with chloride, a higher concentration in the 
fluid than in the blood, for a non-diffusible form of bromide has not been 
demonstrated in the plasma. Malamud and Hayward (58) obtained 
contemporary samples of blood and cerebrospinal fluid from persons 
receiving bromide by Walter’s method, separated them by a collodion 
membrane, and after 48 hours found the concentration in spinal fluid to 
have increased as anticipated for equilibrium. The data on the halogen 
ions indicate that the chloride of spinal fluid approximates equilibrium 
more nearly than does bromide; and the bromide, more nearly than does 
iodide. 

Sulphate. The data on the inorganic sulphate content of cerebro- 
spinal fluid and its relation to that of the blood are too scant and diver- 
gent to permit any opinion as to equilibrium. Haurowitz (42) found an 
average of 1.1 mgm. S per 100 cc. spinal fluid, of which one-fifth was said 
to be protein sulphur, the rest, inorganic sulphate. He considered 
the inorganic sulphate of the fluid to be significantly lower than that of 
the blood. Meyer-Bisch (64), on the other hand, in a much smaller 
series of cases, found the cerebrospinal sulphate to be much higher than 
that of the blood. 

Water. The formation of the water of the cerebrospinal fluid receives 
its simplest explanation in the assumption that it is forced through a 
semi-permeable membrane by the pressure in the capillaries. Because 
crystalloids go through the membrane with it in quantities giving an 
osmotic pressure approximately equal to that of the blood plasma, only 
a small pressure gradient between capillaries and cerebrospinal fluid is 
necessary to account for its elaboration. The transfer of water across 
animal membranes in view of observations from many sources cannot, 
however, be generally assumed entirely dependent on the forces of hydro- 
static pressure and osmosis. 

Experiments first reported by Weed and McKibben (91) and later 
amplified (89, 90) have appeared to many to offer a basis for the analysis 
of the forces responsible for the separation of the water of the cerebro- 
spinal fluid from the blood. These investigations were primarily con- 
cerned with alterations in cerebrospinal fluid pressure brought about by 
intravenous injection of solutions below or above normal physiological 
tonicity. It was found that intravenous injection of a hypotonic 
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solution (distilled water) caused ‘‘a marked and sustained rise in the 
pressure of the cerebrospinal fluid’’ whereas ‘‘intravenous injections of 
hypertonic solutions cause initial rise in the pressure of the cerebrospinal 
fluid followed immediately by marked fall in this pressure,” often to 
levels below atmospheric pressure (91). 

At first glance, this evidence might be considered to point to a separa- 
tion of the water of cerebrospinal fluid from the blood plasma by a simple 
process of filtration. According to this explanation, an increase of the 
osmotic pressure of the plasma with unchanged capillary pressure is 
followed by a decreased separation of water while a decrease of the 
plasma osmotic pressure is followed by an increased separation of water. 
The changes taking place, however, have been shown to be far more com- 
plex. It has been demonstrated that hypertonic solutions, for example, 
cause a profound decrease in brain volume (89) and that also changes 
in intracranial blood volume (92) take place. Evidence suggesting a 
new ratio of rates of formation and absorption of cerebrospinal fluid 
under these conditions has also been given (28). There are no data on 
the relative rate of formation of the fluid of the normal animal and the 
animal given hypertonic solutions. The fall in pressure of the cerebro- 
spinal fluid after hypertonic solutions must, consequently, be considered 
a measure of a complex reaction involving changes in the volume of the 
central nervous system, in the intradural blood volume and in the rate 
of absorption of cerebrospinal fluid. The effect of solutions of high or 
low tonicity on the rate of formation of cerebrospinal fluid, the point 
of importance in this argument for or against simple filtration of water 
from the plasma, remains undetermined. 

Recently a method has been devised to measure the rate of flow of 
cerebrospinal fluid from the aqueduct of Sylvius of the cat at intraven- 
tricular pressures ranging from plus 110 to minus 50 or minus 100 mm. 
of water (27). It was found that as ventricular pressure was dimin- 
ished, the rate of flow of fluid increased. Within the pressure range 
investigated, the rate of formation of the water of the fluid appeared to 
be a linear function of the difference between the effective hydrostatic 
pressure in the capillaries of the chorioid plexus and the hydrostatic 
pressure in the ventricles (26). These experiments of course gave no 
information about forces which might be assumed to arise in the cells 
of the plexus, to be unaffected by changes in ventricular pressure and to 
be important in regulating the amount of fluid passing the cell mem- 
branes. They did, however, support the view that a simple process of 
filtration is important in the separation of the water of the fluid from 
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thé blood. If this conclusion be justifiable, it becomes pertinent to 
study the effects of change of effective hydrostatic pressure in the 
capillaries of the chorioid plexus on the rate of formation of the water of 
the fluid—a problem which now is without acceptable data. 

The free energy change involved in the transport of water from plasma 
to cerebrospinal fluid may be calculated in the same way as the free 


TABLE 1 
Concentrations and free energy changes of substances in blood serum and cerebro- 
spinal fluid 
DIFFUSIBLE 
WATER = C,* 
Amino acids........... 0.0046 0.0016 0.34 —1.0 
0.0002 0.00016 (?) | 0.38-0.98 0.0 
0.0003 0.00015 (?) | 0.07-0.67 —0.1 
0.005 0.003 0.199-1 —0.9 
0.0055 0.0048 0.45-0.88 —0.4 
0.106 0.12 1.10-1.25 6.4 
0.001 0.0005 0.38-0.50 —0.2 
0.025 0.023 0.9-1 —1.2 
0.135 0.142 1.05 (av.) 7.8 
0.0043 0.0031 0.63 (av.) —0.6 
0.0015 0.0015 1 (?) 0.0 
Lactic acid............ 0.0028 0.0022 0.6-1 —0.3 
es: 0.0003 ? ? ? 


Total AF = 13.1 


* Calculated from assumed average serum water content of 944 cc. of water per 
liter of serum. 
+ Calculated on basis equilibrium distribution ratio Ameet = 1.04. 


t Mol fraction. 


energy change for the other constituents of the fluid. To make this 
calculation for water it is simply necessary to express its “‘concentration”’ 
by its mol fraction (9). The mol fraction in plasma has been calculated 
on the basis of an average of 944 grams or 52.4 mols of water and a total 
of 0.313 mol of solids per liter of plasma. The mol fraction in cerebro- 
spinal fluid has been calculated on the basis of 988 grams or 54.9 mols 
of water and a total of 0.301 mol of solids per liter of cerebrospinal fluid. 
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Using these values, it is found that a free energy change of only 3 calories 
is involved in the transport of water from plasma to cerebrospinal fluid. 

Osmotic pressure. Teschler (81) and Fremont-Smith et al. (33) have 
presented comparative data on the freezing-points of blood serum and 
cerebrospinal fluid. Teschler found the two fluids to have the same 
freezing-points within the limits of error of his method. Fremont- 
Smith found agreement between serum and spinal fluid to within 0.005°C. 
in 60 per cent of a large series of cases. In about 20 per cent of the 
determinations, the difference in freezing-point depression was 0.015°C., 
the greatest difference being 0.037°C. The results would perhaps have 
been altered had greater care been taken to avoid the loss of CO, and, as 
is stated by Fremont-Smith, had ventricular fluid been used instead of 
lumbar fluid which probably reflects blood changes relatively slowly. 
It is concluded by Teschler and Fremont-Smith, in agreement with 
Mestrezat (63), that cerebrospinal fluid is in osmotic equilibrium with 
blood. 

Because of the lack of membranes impermeable to the electrolytes of 
the cerebrospinal fluid and blood plasma and capable of withstanding the 
great pressure involved (5000 to 6000 mm. of mercury), it is of course 
impossible to measure directly the osmotic pressure of the fluids. It is 
important, therefore, to recognize the limitations of the indirect method. 
A depression of the freezing point of 0.001°C. is equivalent to about 120 
mm. of water; the error involved in the methods used in the spinal fluid 
amount, therefore, to as much as 600 mm. of water or about 50 mm. of 
mercury. According to Van Slyke, Wu and McLean (84) complete 
osmotic equality between blood and spinal fluid at equilibrium is 
theoretically impossible. Plasma exerts an osmotic pressure against 
isotonic salt solutions in equilibrium with it of about 25 mm. of mercury; 
it had been calculated by Van Slyke et al. that 5 mm. of this pressure 
difference are due to the unequal distribution of electrolytes in accord- 
ance with Donnan’s law and 20 mm. to the plasma proteins. It is 
therefore important to recognize that at equilibrium, a pressure differ- 
ence of about 25 mm. of mercury is to be anticipated between serum 
and cerebrospinal fluid. The findings on cerebrospinal fluid are cer- 
tainly suggestive of osmotic equilibrium and receive some support from 
Hamilton’s finding (40) that the total electrolyte concentrations of 
serum and spinal fluid are practically identical. They lack finality 
because of the limitations of the method of investigation and probably 
too because of the use of lumbar instead of ventricular fluid. 

If it is assumed that cerebrospinal fluid and blood plasma are in 
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osmotic equilibrium, it follows that the concentration (or better, the 
activity) of water on the two sides of the chorioid plexus is the same. 
Water is to be treated as all the other substances distributed between 
the blood and spinal fluid; equivalent concentrations on the two sides 
of the membrane involve no change in free energy. ‘This conclusion, 
drawn from the assumption of oSmotic equilibrium, finds substantiation 
in the calculation for the free energy change involved in the transport 
of water made on the basis of the mol fraction of water in plasma and 
cerebrospinal fluid. 

SecreTococurs. Efforts have been made to learn of the nature of 
the cerebrospinal fluid by studying the effects of drugs on its rate of 
formation. It has been argued that the cells of the chorioid plexus may 
be considered a secretory organ if changes in the rate of formation of the 
fluid parallel changes produced by secretogogues in true secretory organs. 
As is well known, the cells of the chorioid plexus show profound histo- 
logical changes after administration of drugs such as ether, pilocar, ine 
and theobromine. On the basis of the most careful and conservative 
investigations, however, these changes cannot at present be taken as 
evidence of increased formation of cerebrospinal fluid. 

The effect of drugs on the rate of formation of cerebrospinal fluid has 
been approached in another and more direct way. A needle has been 
introduced into the subarachnoid space and the rate of fluid-formation 
gauged by the amount of fluid dropping from the needle per unit of time. 
Using this or a similar method, many investigators have concluded 
that certain drugs do increase the rate of formation of cerebrospinal 
fluid. From these data they have then reached the general thesis that 
the fluid is a true secretion produced through work done by the cells of 
the chorioid plexus. 

The best analysis of these results is to be found in the work of Becht 
and Matill (7) and Becht and Gunnar (6). Becht and Matill measured 
simultaneously intracranial venous pressure and either the pressure of 
cerebrospinal fluid or the rate at which it dropped from a needle placed 
in the subarachnoid space. Using this and other methods, it was con- 
cluded that adrenalin, pituitary extract, pilocarpine and atropine all 
produce their effects on the apparent rate of fluid formation by intra- 
cranial vascular changes and that there is no valid evidence that they 
act as secretogogues. The rate of formation of cerebrospinal fluid, (i.e., 
the rate of formation of its water) appears, therefore, to be unaffected 
by substances which stimulate secretory organs. It is not justifiable, 
however, to conclude from this that the cerebrospinal fluid is in all ways 
unrelated to a secretion, that it is formed without cellular work. 
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Discussion. The discussion of the cerebrospinal fluid given above 
makes little reference to the views of particular investigators regarding 
the nature of the fluid. To detail their arguments and conclusions here 
appears unnecessary. Briefly, analysis of certain of the constituents 
of the fluid has led some investigators to the conclusion that it is to be 
considered a protein-free dialysate of the blood and in equilibrium with 
the plasma. Ions and molecules diffuse across the chorioid plexus until 
they reach the equilibrium level demanded by Donnan’s law. In this 
view, as expressed by some, forces other than diffusion are not impli- 
cated. The conclusion that the cerebrospinal fluid is a dialysate of the 
blood but not in equilibrium with it is a special case of that just men- 
tioned; again forces other than diffusion are often not considered to 
have significance. Ultrafiltration adds a force to that of diffusion; 
namely, the hydrostatic pressure in the capillaries of the chorioid plexus. 
Those who have favored the view that the spinal fluid is an ultrafiltrate 
have often simply compared the concentration of chosen constituents 
of the fluid with that obtained from in vitro ultrafiltration of serum; lack 
of significant discrepancies indicated to them that the fluid is an ultra- 
filtrate. Finally, a third group of investigators, again usually interested 
in a particular group of substances, have concluded that the fluid is a 
secretion. They consequently imply that cellular work is necessary for 
the formation of the fluid, that in addition to the forces of diffusion and 
capillary pressure, energy is supplied by the cells of the chorioid plexus. 

The analysis to the problem attempted here is somewhat different. 
Emphasis has been placed on the free energy changes found in the distri- 
bution of substances between blood and cerebrospinal fluid. This in- 
volves a rigid criterion of equilibrium and, if the data be adequate, yields 
an exact measure of the minimum amount of work necessary for the 
observed distribution of substances. This approach then permits an 
analysis of the source of this work from the system (capillary blood, 
chorioid plexus, cerebrospinal fluid). 

The criteria for an equilibrium of the Donnan type have already been 
discussed. In view of them, the amino acids, urea, uric acid and perhaps 
the sugar of spinal fluid do not appear to be in equilibrium with the 
plasma. On the assumption that the equilibrium distribution ratio 
from spinal fluid to plasma for univalent cations is 1.04, all of the ions 
excepting hydrogen and perhaps calcium and bicarbonate do not 
appear to be at equilibrium. This is true too for bromide which fails 
to approach equilibrium after its blood concentration has been main- 
tained at a high level for several days. The data, though not conclu- 
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sive, favor the same conclusion for iodide. The foregoing statements 
are little altered by assuming the distribution ratio for univalent cations 
to be 1.13, as is found for chloride, instead of 1.04, for then the only 
ion which might be in equilibrium besides chloride is bicarbonate. 

In the living animal, cerebrospinal fluid is presumably at a lower 
hydrostatic pressure than the blood in the capillaries of the chorioid 
plexus. There is the possibility that the activities of substances in 
plasma and in spinal fluid are significantly different because of the pres- 
sure difference between the two fluids. If the activities of substances in 
the plasma were appreciably affected by its greater hydrostatic pressure, 
certain of the apparent deviations from Donnan’s law might be ac- 
counted for. This problem can be treated in the following way: 


where a is activity; P is pressure; 0 the partial molal volume of the sub- 
stance under consideration; and where R, the gas constant, is to be 
expressed in cubic centimeter—atmospheres per mol per degree. From 


the equation above, since } may be taken as constant for small changes 
of pressure: 


where a is the activity at the pressure, P; and a’, the activity at the 
pressure, P + AP. This equation then permits calculation of the 
change in activity of a substance in solution for any pressure-change if 
the partial molal volume of the substance be known. We shall calculate 
approximately the change in activity of the water of the plasma when 
the pressure in the plasma changes from 1 to 1.04 atmosphere. The 
last pressure is that in the capillaries of the chorioid plexus on the 
assumption that it exceeds atmospheric pressure (or cerebrospinal fluid 
pressure) by 30 mm. Hg. In absence of the true value, we shall substi- 
tute the molal volume of pure water for the partial molal volume of 
water in plasma. This introduces an error which is not important in 
the calculation of the magnitude of activity-change at capillary pres- 
sures. Substitution in the preceding equation gives: 
a’ 18 X 0.04 


log | = 530 x 82.06 X 310 


= 0.012 


a’ = 1.034 


(iat) 

in? = 

ae 
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It consequently seems justifiable to conclude that pressures of the 
magnitude of capillary pressures do not materially alter the activities 
and fail to offer an explanation for the deviations from Donnan’s law. 
The existing data appear to force the conclusion that cerebrospinal 
fluid is not in equilibrium with blood plasma. 

An addition of the free energy changes involved in the distribution of 
ions and molecules as in table 1 indicates that the free energy content of 
a liter of cerebrospinal fluid exceeds that of the plasma by about 13 
grams calories. This is a change of such a small magnitude that possible 
errors in the quantitative determination of the constituents of plasma 
and spinal fluid assume a large importance. It is to be emphasized 
again that strictly accurate calculations call for the use of activities 
instead of concentrations. It is to be noted also that the concentrations 
for certain of the constituents as used here may well be faulty. If it be 
correct to conclude, however, that cerebrospinal fluid and plasma are 
not in complete equilibrium, it follows that the formation of the fluid 
involves an expenditure of work. On this basis, the ratios of concentra- 
tions used in the calculations, unless a grossly inaccurate measure of the 
ratios of activities, give an approximation of the minimum amount of 
work necessary for the formation of cerebrospinal fluid. 

What is the source of the 13 calories necessary for the formation of a 
liter of fluid? Two sources in the system (capillary blood, chorioid 
plexus, cerebrospinal fluid) might furnish this energy. These are the 
cells of the chorioid plexus and the hydrostatic pressure of the blood in 
the capillaries. If it may be shown that this energy can be derived from 
the available hydrostatic pressure, a theory of ultrafiltration is adequate 
to account for the formation of the fluid. But if this source of energy is 
insufficient, work must be derived from the chorioid plexus and the fluid 
consequently has the characteristic of a secretion. 

The free energy change which can be effected by the pressure in the 
capillaries may be calculated in the following way. In the calculation 
given above of the change in activity, caused by capillary pressure, it 


was found that log - = 0.0,12. The change in free energy at this 


capillary pressure per mol of water is given by the equation: 


AF = 2.3 RT log — 


= 0.017 calorie 
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For 1 liter of plasma, therefore, AF = 0.9 calorie. As has been men- 
tioned, this calculation takes no account of the solutes of plasma. They 
are present in such low concentration that they can affect in no signifi- 
cant way the result obtained without them. The calculation conse- 
quently shows that a free energy change of only about 0.9 calorie is to 
be explained by capillary pressure. Twelve of the 13 calories found 
necessary for the formation of a liter of cerebrospinal fluid must be 
provided by the cells of the chorioid plexus. Ultrafiltration, therefore, 
is to be judged an inadequate explanation of the formation of the fluid. 

It is interesting to compare the free energy change effected by a unit 
weight of chorioid plexus with that effected by an equivalent weight of 
kidney. Borsook and Winegarden (9) have calculated that the free 
energy change involved in the formation of a liter of urine is about 700 
gram calories. This work is assumed to be done in man in 1 day by 
kidneys weighing 300 grams. The free energy change per day per 
milligram of kidney is therefore about 0.002 calorie. The quantity of 
cerebrospinal fluid flowing from the aqueduct of Sylvius of the cat in 
a day has been found to be 12 cc. and the average weight of the 
chorioid plexuses of the lateral and third ventricles, 30 mgm. (27). 
The free energy change per milligram of plexus per day is consequently 
about 0.005 calorie. This is a figure which approximates with surpris- 
ing exactness that found for the kidney. In agreement with this find- 
ing, the metabolism of the excised chorioid plexus has been found to 
be like that of the kidney (53). These data suggest that, like the kid- 
ney (10), the chorioid plexus has the very low efficiency of about 1 
per cent. 

The analysis presented here suggests the following conclusions. The 
cerebrospinal fluid is not a dialysate in equilibrium with the blood 
plasma. Nor is it to be regarded as an ultrafiltrate for the pressure in 
the capillaries of the chorioid plexus is too small to account for the free 
energy change which takes place in the formation of the fluid. The 
fluid, on the basis of present evidence, is to be considered a secretion with 
the understanding that the term secretion means that cells must do 
work in the formation of the fluid. 

These conclusions, however, are based on evidence which is far from 
ideal. More exact treatment of the nature of the cerebrospinal fluid 
would probably be made possible if the fluid were analyzed at its chief 
site of formation, within the ventricles, rather than in the lumbar sub- 
arachnoid space. The present viewpoint with respect to some of the 
constituents, may also be altered by more certain evidence of the state 
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of the substances in the blood plasma and of diurnal variations, under 
basal conditions, of their concentrations. More important for an un- 
equivocal analysis of the problem, however, is a knowledge of the 
activities of substances in the plasma and in the protein-free spinal fluid. 


This involves a difficult task but perhaps one not beyond accomplish- 
ment. 


It is a pleasure to express my gratitude to Prof. T. F. Young and Dr. 
David M. Gans, of the University of Chicago, for aid in certain parts of 
the thermodynamics used here. 
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The chemical study of insulin has resulted in the accumulation of a 
large volume of data, which at first glance seems to offer little exact 
information as to the structure of the hormone. When one realizes, 
however, that every attack upon its structural details has but served to 
confirm and strengthen the classification of this crystalline substance 
as a typical protein, the problem assumes even broader biochemical 
significance than that attached to the chemical investigation of an 
important hormone. While protein material is associated with prob- 
ably the most fundamental details of the anabolism and catabolism of 
the living cell, our chemical knowledge of its structure is still far from 
complete. In late years, evidence of the protein nature of numerous 
biologically important substances, certain other hormones, certain 
enzymes and also perhaps, bacterial toxins, has again confronted the 
biochemist with this same elusive, complex and delicate structure. In- 
sulin has been more studied in regard to its chemical behavior and 
composition than perhaps any other protein. A brief résumé of the 
various problems involved in its chemical investigation, and of the 
results thus far obtained may not be without interest therefore, and it 
is perhaps not hoping too much to believe that these same results may 
be of value in the attack of problems of similar nature. 

This review will be devoted chiefly to those advances in our chemical 
knowledge of the hormone which have occurred in recent years. The 
physiological and pharmacodynamic functions of insulin have been 
adequately described in numerous other publications (65, 75, 66, 20, 
45). There is, furthermore, no necessity for another detailed survey 
of the chemical contributions which finally led to its isolation in erystal- 
line form. A few references to the more significant of the earlier chem- 
ical investigations are given in the bibliography (75, 63, 45). 

The successful preparation of potent extracts of the hormone suitable 
for clinical and experimental purposes (6) was followed by numerous 
efforts to isolate the active principle as a crystalline chemical entity. 
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Although the main objective of these studies was not attained, various 
investigators arrived at the conclusion that insulin was either a protein 
or associated with protein material. Insulin was first obtained in 
crystalline form by Abel and his co-workers in 1926 from highly purified 
commercial preparations (3, 4). These workers had observed that the 
inactivation of insulin by alkali was always accompanied by the 
liberation of sulfide sulfur, and that, furthermore, a definite relation 
apparently existed between the physiological activity and the so-called 
labile sulfur (1, 2). Concluding from this that sulfur was probably an 
integral part of the insulin molecule, as had already been suggested by 
Dudley (83), they were able to obtain the hormone in crystalline form 
from those fractions of their material having a high labile sulfur content. 

The method of Abel and his co-workers consists in the isoelectric 
precipitation of the hormone, after a preliminary precipitation with 
pyridine, by slowly adding ammonia to an acetic acid solution strongly 
buffered with brucine acetate. The pH of the final solution is approxi- 
mately 5.6. The crystals thus obtained are recrystallized by the same 
procedure, omitting, however, the addition of brucine. In the method 
evolved by Harington and Scott (47) saponin or digitonin is substituted 
for the brucine. Abel and his co-workers, as well as Harington and 
Scott, used highly purified commercial preparations as_ starting 
materials. | 

While highly purified or crystalline insulin may be crystallized from 
an ordinary phosphate buffer mixture (3, 4) the organic buffers are 
preferable, probably as a consequence of the physical properties of the 
solution obtained by their use. All of these methods, however, are 
somewhat tedious and time-consuming, particularly in the preparation 
of comparatively large amounts of crystalline insulin. It must be 
emphasized that the yield of crystalline material and also the ease with 
which a given preparation can be crystallized is dependent upon the 
preliminary purification (i.e., the preparation of the commercial product 
employed), and also the source of the material. To illustrate, insulin 
from the pig and the sheep pancreas can be crystallized only with diffi- 
culty. Whether this is a question of accompanying impurities or 
whether the hormone has been slightly altered in the purification process 
in such a manner as to prevent its crystallization is unknown. Freu- 
denberg originally advanced the view that amorphous preparations 
contained insulin molecules of varying size, of which only a portion 
could be obtained in crystalline form. In a recent paper, however, he 
has failed to find any indication of marked heterogeneity in the prepa- 
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rations under discussion (42). Gerlough and Bates have published 
recently a method for procuring the crystalline hormone directly from 
the fresh pancreas (46). Scott and Parker have also outlined a method 
which is employed at the Connaught Laboratories for securing highly 
purified insulin preparations (72). Although crystalline insulin is 
usually prepared from beeves’ pancreas, it can also be obtained from 
the islet tissue of certain fishes (53, 69) and from pig (54, 69) and sheep 
(69) pancreas. Insulin crystals obtained from these various sources all 
possess the maximal physiological activity thus far obtained from 
insulin preparations, namely, 24 international units per milligram, and 
all have the same sulfur content: 3.2 per cent. It is of interest to note 
that in the goose-fish, flounder, hake, cod, pollock, haddock, etc., the 
islet tissue is anatomically separate from the zymogenous tissue. 
Macleod and his co-workers were able to adduce additional evidence for 
attributing the production of insulin to the islets of Langerhans by 
preparing active extracts from this islet tissue (64). 

The evaluation of the potency of a given insulin preparation is made 
by comparing its hypoglycemic action with that of the International 
Standard Powder under carefully controlled conditions. The inter- 
national unit which is now generally accepted is the activity contained 
in 0.125 mgm. of International Standard Powder. While it is beyond 
the scope of this review to discuss in detail the various methods of insu- 
lin assay, a few general references to this phase of the subject are in- 
cluded in the bibliography (75, 81, 63). Determinations of the phys- 
iological activity of crystalline beef insulin by comparison with the 
standard powder were carried out in various laboratories at about the 
same time (47, 35, 53). The values obtained in these assays were in 
excellent agreement within the limits of error of the methods employed. 
The accepted value for crystalline insulin is 24 international units per 
milligram. It should be emphasized that the fluctuations of the bio- 
logical method of assay make it imperative to use average values of a 
large number of animal tests, and that furthermore, slight changes in 
the titre of a preparation are not easily perceived nor of trustworthy 
significance. 

Insulin occurs in well defined crystals seldom exceeding 0.01 mm. in 
diameter and falling crystallographically into two distinct groups (4, 47, 
70). First, crystals with well defined double refraction, of negative 
character, with several habits, in the rhombohedral class, the habits as a 
rule differing in the various lots of crystals examined. Secondly, 
crystals showing a more equant habit, oftentimes with clearly defined 


| 
| 


THE CHEMISTRY OF INSULIN 191 


crystal edges and no double refraction. Inasmuch.as the investigation 
of many lots of crystals, consisting mainly of one type or the other, has 
shown no difference in chemical composition or in physiological activity, 
the facts submitted suggest that insulin is dimorphous. 

Solutions of crystalline insulin are levorotatory, as are those of all 
proteins, the specific rotation depending to a great extent upon the pH 
of the solution. The following data are unpublished results obtained 
by Wintersteiner in 1928. The (a)” of an approximately 2.5 per cent 
solution of crystalline insulin in N/10 hydrochloric acid is —29.9°. In 
acetic acid solution the rotation does not change during the course of a 
day, while in N/10 hydrochloric acid a rise from —29.9° to —31.7° was 
observed over a period of one week. Alkaline solutions exhibit stronger 
levorotation than do acid solutions; the initial value for (a)”! in 1 N 
ammonia is —49°, for (a)** in N/10 sodium hydroxide —80° (2.5 per 
cent solution). In ammonia the rotation slowly rises in the course of 48 
hours and then remains practically constant: in sodium hydroxide, after 
a very short rise, it sinks rapidly and then after 30 hours reaches a value 
at which it is unchanged for days. Freudenberg and his co-workers have 
obtained values similar to these (37). 

The optical absorption of insulin in ultra-violet light has been meas- 
ured up to a frequency of 2000 A, an absorption band lying around 
2800 A being ascribed to the cystine and tyrosine content. From the 
action of various reagents on the spectrum of insulin, Freudenberg and 
his co-workers conclude that while insulin can be inactivated without 
affecting the absorption spectrum, alteration of the absorption spectrum 
is always associated with inactivation. Ultra-violet light of various 
wave lengths inactivates the hormone. On irradiation with long wave 
lengths corresponding to the tyrosine absorption bands, inactivation 
follows quickly and almost completely (62, 73). 

The x-ray crystal diffraction patterns of insulin have been investigated 
by various workers (37, 73, 18). These studies give little information 
as to the structure of the molecule: the patterns are similar to those 
obtained with other crystalline proteins. 

If insulin is heated in a melting point tube the crystals begin to 
brown at 215° and melt rather sharply at 233°C. with decomposition. 

Insulin exhibits the solubility of a typical protein, dissolving easily 
in dilute acid and alkali as well as in 90 per cent phenol. It is somewhat 
soluble in 80 per cent alcohol but not at all in organic solvents which are 
water free. Quantitative studies have been made of the solubility of 
the hormone in N/30 acetate buffers over a pH range of 4.8-6.5 (79), 
and in salt solutions of varying concentration (46). 
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Careful measurements by Wintersteiner and Abramson (79) and also 
by Howitt and Prideaux (50) indicate that the isoelectric point of 
insulin is at a pH of 5.3-5.35. 

Estimations of the molecular weight of crystalline insulin have been 
made in various laboratories. On purely chemical evidence Freuden- 
berg estimates the molecule to have a weight of approximately 20,000 
(38), while the ultracentrifuge method of Svedberg places insulin in the 
group of proteins (egg albumin, Bence-Jones protein) having the so- 
called unit weight of 35,100 (74). Gerlough states, although the data 
have as yet not been published, that values of 40,000 to 50,000 are ob- 
tained by viscosity measurements (46). 

With reference to chemical properties, crystalline insulin exhibits the 
reactions of a typical protein. It is precipitated from solution by the 
usual protein precipitants and is denatured by strong acid or by boiling. 
The following color reactions are positive: biuret, Millon, Pauly, nin- 
hydrin, xanthoproteic. Further, the more specific reactions of Saka- 
guchi for arginine, of Folin-Looney for the disulfide linkage and tyrosine, 
and of Sullivan for cystine are positive. The reactions for tryptophane 
(Voisonet, Hopkins-Cole, and Acree), for sulfhydryl groups (sodium 
nitroprusside), and the Molisch test for carbohydrate groups are all 
negative. Moreover, the elementary composition of insulin is similar 
to that of the average protein, with the exception, perhaps, of the 
comparatively high sulfur content. 

The observation that the administration of commercial preparations 
of insulin was followed by an immediate and fleeting hyperglycemia was 
made the basis of a theory that the action of insulin was di-phasic and 
that the initial rise in blood sugar was due to the same substance re- 
sponsible for the succeeding hypoglycemia (11). Geiling and DeLaw- 
der demonstrated, however, that this effect was not due to the insulin 
but to accompanying substances of unknown nature (44). This 
phenomenon has recently been studied by Nielsen (85), who suggests 
that crystalline insulin is not identical with the pancreatic hormone. 

Crystalline insulin has also been satisfactorily employed clinically in 
place of the usual commercial extracts (49). The occurrence of allergic 
reactions to the crystalline hormone in certain diabetics has been made 
the subject of investigation by various workers (76, 12, 82, 84). 

In spite of the remarkably specific physiological action of insulin, 
chemical examination insists on the typical protein nature of the 
crystalline hormone. The question naturally arises whether this pro- 
tein is identical with the hormone itself, or whether it acts simply as a 
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convenient carrier, the true hormone being adsorbed or loosely bound 
to the protein surface. The maximum physiological activity of erystal- 
line insulin and the fact that recrystallization does not alter the activ- 
ity; the chemical and physiological identity of the two varieties of 
insulin crystals and of crystalline material obtained from various 
sources and by different methods; the homogeneity of the material 
during ultra-centrifuging; the non-alteration of either the activity or 
crystalline form after adsorption on and elution from charcoal (26, 54) 
and benzoic acid (4); the loss of crystalline form on mild inactivation 
of the substance, all argue in opposition to the belief that the hormonic 
activity is simply adsorbed on the crystalline protein. 

The preparation by Dingemanse (21, 77), of an amorphous substance 
four times as potent as crystalline insulin, but extremely unstable, has 
not been duplicated by workers in other laboratories, even using the 
same materials (26, 54, 23). Dirscherl regards it as probable that the 
marked instability of this supposedly more active insulin is responsible 
for the unsuccessful attempts to repeat Dingemanse’s work (23). 

It is, of course, a matter of definition whether one assigns the term 
hormone to the active principle of an endocrine gland in the form in 
which it is secreted and circulates in the blood-stream, or to the product, 
possibly more active weight for weight, that is obtained by the chemical 
manipulation of extracts of such glands. Iodothyreoglobulin, the 
protein of the thyroid gland, is a case in point. Here the physiological 
activity of the substance is confined to one component, thyroxine, 
which, moreover, is separable from the original molecule and capable of 
functioning thus. With hemoglobin, the respiratory pigment of the 
blood, the physiologically functioning hematin, although attached to a 
protein carrier is incapable of replacing the original molecule in its 
physiological function when detached from the globin. Both thyroxine 
and hematin, however, are prosthetic groups, non-protein in nature; 
the first a derivative of di-phenyl ether characterized by its iodine con- 
tent and the latter an iron-pyrrole compound. Analytical work has so 
far disclosed no especial constituent (prosthetic group) in the insulin 
molecule, chemically different in its composition from the ordinary 
amino acids, which would explain the unique action of this substance 
in the animal body. The conception of the physiological activity of 
insulin as being confined to a part of the large molecule, and the possi- 
bility of obtaining a more active insulin by the separation of such a 
portion of the molecule under fortuitous circumstances and by appro- 
priate methods, is not entirely foreign to the current beliefs of workers 
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in this field. While Sjégren and Svedberg (74) find that insulin, when 
ultracentrifuged, remains perfectly homogeneous between a pH of 4.5 
and 7.0, they also find that beyond these hydrogen ion concentrations 
there is a reversible dissociation of the molecule into uniform smaller 
particles. At a pH of 4.5 and 7.0 insulin retains its maximal physio- 
logical activity. Whether this indicates that there is association of the 
insulin molecules between a pH of 4.5 and 7.0, or that there is an actual 
disintegration of the molecule beyond these values into smaller phys- 
iologically active units cannot be decided. Attempts to separate 
more active components by electrophoresis (79), ultra-filtration (43), 
adsorption and other physical or chemical methods have failed. This 
does not necessarily preclude the existence of an active intramolecular 
complex which, if present, is so unstable that it is decomposed as rapidly 
as it is liberated. 

Two possibilities exist, therefore, in regard to the source of the 
hypoglycemic effect of the hormone. First, either the whole of this 
large protein molecule is necessary; or secondly, a certain grouping (of 
amino acids, of necessity, since no other constituents have been found 
present) embedded in the molecule is responsible, either by its mode of 
linkage or some intrinsic property, for the physiological behavior of the 
hormone. Which of these possibilities is correct is undecided at the 
present time. If the first conception is true, and there is no evidence 
that it is not, then one is as much at a loss in regard to the structural 
details of the insulin molecule as with respect to those of any other 
protein, at least at the present time and with our present methods. 

The second hypothesis, therefore, is much more attractive and much 
more open to chemical attack. It must be emphasized that such a 
conception of an active group is purely a working hypothesis and, fur- 
thermore, that experiments toward the isolation of such a group have 
thus far been unsuccessful. This may indicate, however, that such a 
component is either inactive or extremely unstable when detached 
from the original molecule and that investigation of the intact insulin 
molecule is necessary to establish its presence. Further, even if one 
could definitely assign some of the characteristic actions of the hormone 
to such a group, it is still possible that this constituent, when isolated 
from the molecule, would not possess all the specific physiological 
functions of insulin. 

The problem of the possible existence of such groupings in the intact 
insulin molecule may be attacked in two ways. First, one may sepa- 
rate and characterize the various amino acids obtained by hydrolysis. 
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This method would permit the identification of any components in the 
molecule other than amino acids. Secondly, the presence of physio- 
logically active groups might also be established by treating insulin 
with chemical reagents having a precise action on certain specific ar- 
rangements in the molecule, and then determining the effect of such 
treatment on the physiological properties of the hormone. 

The separation of the products of the acid hydrolysis of insulin has 
been considerably hampered by the necessity of carrying out the experi- 
ments with minimal amounts of the expensive material. At present, 
approximately 88 per cent of the constituents of the insulin molecule 
have been identified. The amino acids present are relatively few in 
number: cystine, tyrosine (25), glutamic acid (57), leucine, arginine, 
histidine, and lysine (51, 60) have been isolated and identified as such. 
The actual isolation of leucine gave a value of 30 per cent for the 
amount of this amino acid present. The Folin-Looney test for tyrosine 
indicates 12 per cent to be present. Assuming the total amide nitrogen 
found in the Van Slyke determination of the nitrogen distribution to be 
present as glutamine gives a value of 21 per cent for this acid. The 
presence of 3 per cent arginine, 8 per cent histidine and 2 per cent lysine 
is indicated by the Van Slyke nitrogen distribution determination. 

Du Vigneaud demonstrated that all of the sulfur of insulin, 3.2 per 
cent, is present as the disulfide linkage (24). The sodium nitro-prusside 
test for sulfhydryl groups is negative. Assuming the total sulfur of 
insulin to occur as cystine, 12 per cent of this amino acid should be 
present. The color reaction of Sullivan for cystine, however, gives 
markedly lower values: 8 to 9 per cent. The less specific Folin-Looney 
method gave values of 12 to 14 per cent (25), although Doctors Sullivan 
and Du Vigneaud (in private communications) state that data obtained 
by a modified Folin-Looney method are lower than those previously 
reported. Whether this discrepancy between a cystine value based on 
the total sulfur and the values actually observed is due to the presence 
of an unknown sulfur-containing constituent or whether it is due to the 
partial destruction of cystine, made extremely labile by its mode of 
linkage, is problematical. Freudenberg found methionine, which has 
lately been shown to be a protein constituent, to be present in certain 
amorphous insulin preparations, although the test for thiomethyl groups 
is negative in crystalline insulin (37). This has been confirmed for 
both the unhydrolyzed and hydrolyzed protein (61) and seems defi- 
nitely to eliminate methionine as a possible constituent of the insulin 
molecule. The presence of the thiolglyoxalines as sulfur-containing 
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constituents of proteins has been, of late, the subject of various studies. 
The possible occurrence of thiol-histidine in insulin, therefore, is being 
investigated at the present time. 

In view of the fact that the nitrogen distribution in insulin indicates 
the existence of an appreciable non-amino nitrogen fraction, which can 
definitely be said not to contain hydroxyproline, the so-called proline 
fraction of insulin is being investigated. No evidence of the occurrence 
of any constituent differing in its structure from ordinary protein com- 
ponents has been obtained (60). In view of the great difficulties 
necessarily involved in the separation of small quantities of amino acids, 
these experiments do not conclusively prove the absence of other amino 
acids or constituents of unknown nature. It is improbable, however, 
that such substances are present in very large amounts. 

The action of proteolytic enzymes on insulin was first investigated by 
Felix and Waldschmidt-Leitz (30), who concluded that the resultant 
irreversible inactivation was a true enzymic hydrolysis. The small 
number of their animal experiments, however, makes their results 
inconclusive. Dirscherl (22), studying the peptic inactivation of insu- 
lin found: a, a definite pH region of optimum action; b, an increase of 
digestion with temperature; c, a dependence of the digestion on the 
amount of enzyme, and d, on the time required for digestion; that is, 
that the reaction exhibited all the characteristics of an enzymic hydrol- 
ysis. The behavior of the physiological activity during enzymic attack 
has been studied by Charles and Scott (14), and especially by Freuden- 
berg and his co-workers (39, 43). For the details of this work the reader 
is referred to the original literature. The results of the investigation of 
Freudenberg and his co-workers may be summarized as follows: 

If the protein structure of insulin is not affected, as in the action of 
trypsin (without kinase), aminopolypeptidase or dipeptidase, the 
activity of the insulin remains unchanged. If protein hydrolysis 
occurs, as with pepsin, trypsin-kinase, papain with and without activa- 
tors (HCN and glutathione), and activated cathepsin, the physiological 
activity is permanently lost. The inactivation, therefore, is connected 
in some manner with the hydrolysis of the protein. Although all of 
these reactions are similar in that the inactivation proceeds more 
rapidly than the hydrolysis during the first portion of the digestion, the 
degree of hydrolysis necessary for complete inactivation varies widely 
with the enzyme used. With pepsin, trypsin-kinase and activated 
papain, hydrolysis continues after complete inactivation has occurred, 
while with papain about 10 per cent of the activity always remains, 
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even if more of the enzyme is added. With papain, experiments were 
performed in which the pH and the amount of enzyme used were varied. 
The relation between inactivation and hydrolysis, however, remained 
the same. Freudenberg and his co-workers concluded, therefore, that 
the inactivation was primarily hydrolytic and that the possibility of the 
secondary decomposition of an active portion of the molecule after its 
hydrolytic libegation could be disregarded. The fact that the inactiva- 
tion proceeds more rapidly than the hydrolysis suggests that those 
linkages first attacked by the various enzymes are of especial significance 
for the physiological action. 

Charles and Scott, studying the proteolytic action of pepsin and 
trypsin on insulin, concluded that the hormone cannot thus be broken 
down into smaller physiologically active substances. Corneli has ar- 
rived at substantially the same conclusions (86). 

The establishment of a possible relationship between physiological 
activity and certain groups of the individual amino acids has been 
approached in two ways. First, various derivatives of insulin have been 
prepared and their activity studied. The essential purpose of these 
experiments was to block the active group and thus to obtain a com- 
pound of greatly diminished or no activity. Then, by removing the 
radical which had been introduced into the active group, products were © 
obtained, either as active as the original crystalline insulin or at least of 
higher activity than the unhydrolyzed ‘‘blocked” substance. Reac- 
tions of this type may be classified as reversible inactivations. In 
undertaking these experiments, one must bear in mind the marked 
instability of insulin. It must also be emphasized that the partial or 
complete inactivation of insulin by reagents which cause the blocking — 
of certain groups in the molecule does not necessarily imply that the 
groupings not affected are of no importance for the physiological action 
of the hormone. | 

By treating insulin with acetic anhydride in the cold, acetyl insulin 
is obtained either with greatly diminished activity (52, 35, 37, 55, 42) 
or in a completely inactive form (15). The inactivation is partially 
reversible: by hydrolysis of the acetyl-insulin with dilute alkali a prod- 
uct is obtained of a higher activity than that of the acetylated com- 
pound but less active than the original insulin. Under the conditions 
of this experiment acetylation may take place at hydroxyl, imino and 
amino groups. It is logical to conclude, therefore, that the group or 
groups which react with acetic anhydride are concerned in the phys- 
iological action of insulin. Dirscherl and Freudenberg have found 
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that acetyl-insulin can be hydrolyzed and irreversibly inactivated by 
pepsin and trypsin-kinase under conditions which obviate any second- 
ary decomposition (43). On the basis of the relative lability toward 
alkali of acetylated hydroxyl, imino and amino groups of various com- 
pounds, these workers believe that the regeneration of the physiological 
activity on treatment of acetyl-insulin with dilute alkali is associated 
with the hydrolysis of acetylated hydroxyl and imino groups, rather 
than amino groups. This seems somewhat difficult to reconcile with 
the finding that no nitrogen is liberated on treatment of acetyl-insulin 
with nitrous acid, in contrast to the behavior of both the untreated 
insulin and the regenerated material (40). If the acetylated amino 
group is unaffected on regeneration, then the nitrogen evolved from the 
reactivated material must originate from imino or amide groups. 

The treatment of insulin in weakly alkaline solutions with formalde- 
hyde yields a partially inactive product which can be reactivated by 
dilute acid at 100°C. (68, 37, 42). It is generally assumed that under 
these conditions condensation occurs between formaldehyde and free 
amino groups; in fact, this reaction is the basis of the well-known formol 
titration of free carboxyl groups. Freudenberg and his co-workers, 
however, claim that the amino nitrogen is only slightly affected by this 
treatment and conclude therefrom that the free amino groups of insulin 
are not involved in the inactivation. However, the action of formal- 
dehyde on insulin is by no means a simple reaction. It has been found 
that there is a marked drop in the cystine content of the formaldehyde 
insulin, and moreover, that its ninhydrin reaction is less intense than 
that of the crystalline protein (61). The latter observation would seem 
to indicate blocking of amino groups. The precise nature of the process 
by which insulin is inactivated by formaldehyde is still unknown. 

Insulin, when allowed to stand in acid alcohol for several hours, is 
converted into a completely inactive product. On treatment of this 
compound with very dilute alkali, about 60 per cent of the activity is 
restored. A part of the hydrolysis product may be obtained in 
crystalline form identical with the original crystalline insulin. Various 
investigators ascribe the inactivation to the blocking of the active group 
or groups by methylation (using methyl alcohol) of the hydroxyl, imino 
or amino groups, or to the esterification of the carboxyl groups (13, 16, 
38). Pepsin and trypsin-kinase both hydrolyze the inactivated insulin 
(43). The cystine content of acid alcohol insulin is the same as that 
of the original substance, so that the disulfide linkage is apparently 
unaffected (61). 
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With diazomethane complete inactivation occurs within a few sec- 
onds. This material can also be partly reactivated by dilute alkali 
(37, 38). It is probable that both esterification and methylation take 
place under the conditions of this experiment. The cystine content 
of the reaction product is definitely lower than that of the original 
insulin (61). 

Methyl iodide also reversibly inactivates insulin (17), the reaction 
probably being similar to that suggested for diazomethane. It is 
possible that the disulfide linkage is attacked by the hydriodie acid 
formed in the reaction. The cystine content of the inactive material 
is definitely lower than that of the original protein (61). 

If insulin is dissolved in 0.1 N. hydrochloric acid and the solution 
placed in a boiling water bath, an inactive and gelatinous precipitate 
soon forms. Simultaneously, ammonia is liberated. On dissolving 
this precipitate in dilute alkali a product is obtained the activity of 
which is practically equal to that of crystalline insulin (26, 35, 37, 38, 
58, 43). In spite of its high activity, earlier workers did not suceed in 
crystallizing this material by the usual methods (55, 28)" Gerlough 
and Bates, however, have recently reported that they were able to 
obtain the reactivated material in crystalline form (46). Du Vigneaud 
and co-workers (27) express the view that the formation of a precipitate 
under these conditions is specific for insulin, and that the physiologically 
important groups are involved in this reaction. In a recent thorough 
study of this phenomenon, these workers find that the inactivation of 
insulin by various reagents usually results in the simultaneous loss of 
the ability to form the heat precipitate (28). 

The reactions thus far discussed may be termed reversible in the 
sense that, by suitable manipulation of the inactive products thus ob- 
tained, a partial restoration of their original activity may be effected. 
In a second series of experiments, one obtains products which have not, 
as yet, been found capable of reactivation. In these experiments an 
attempt has been made to determine which component amino acid has 
been affected. 

Insulin is completely and irreversibly inactivated by treatment with 
benzaldehyde in weakly alkaline solution (55). Freudenberg and his 
co-workers interpret this inactivation as an oxidation of the hormone 
by the perbenzoic acid present in benzaldehyde which has been exposed 
to atmospheric oxygen (38, 42). A definite decrease in the cystine 
content of the inactivated material has been observed (61). P-chlor 
benzaldehyde similarly irreversibly inactivates insulin. The reduction 
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of insulin, even under the mildest conditions, yields an inactive product 
which thus far has not been reactivated, initial inactivation coinciding 
with the first appearance of a positive nitroprusside test for the sulfhy- 
dryl group. Even such mild reducing agents as cysteine and gluta- 
thione will apparently reduce the disulfide linkage, giving a physio- 
logically inactive product which no longer is capable of forming the 
specific heat precipitate (27). Freudenberg and his co-workers state 
that the reduction of one or two of the total disulfide linkages is sufficient 
to completely inactivate insulin (42). This latter conclusion was 
based on the work of Wintersteiner (88), who has investigated the time 
curve of the reduction of the disulfide linkage in insulin preparations of 
different physiological strength by cysteine, observing simultaneously 
the corresponding variation in physiological activity. With crystalline 
insulin he finds that no proportionality exists between maximal reduc- 
tion and physiological activity, and that total inactivation occurs with 
the reduction of approximately one-third of the total sulfur. Unless 
those disulfide linkages thus affected are symmetrically placed in the 
molecule, the probability of reactivating the products of such a reaction 
by gentle oxidation seems slight. Sodium amalgam (38), activated 
magnesium (38), sodium cyanide (8, 7), zinc and hydrochloric acid (38), 
hydrogen sulfide (8, 38), sulfurous acid (38) and hydroquinone (61) also 
inactivate insulin, although the changes in the molecule produced by 
most of these reagents are undoubtedly drastic and complex. 

The action of oxidizing agents results usually in the rapid and irre- 
versible inactivation of insulin. Hydrogen peroxide (38), mercuric 
oxide (38), perbenzoic acid (38) and quinone (61) all yield inactive 
products. It has been found that a definite amount of iodine will 
inactivate insulin immediately, and that this quantity is much smaller 
than that absorbed in the course of several hours (8, 59). Brand and 
Sandberg (9), finding that the amount of iodine consumed by insulin 
was proportional to the number of units present, proposed, accordingly, 
an iodemetric assay for insulin. Since the action of iodine is non- 
specific, the use of such a method for this purpose seems hardly feasible. 
Inactivation by these various reagents is due, most probably, to the 
oxidation of the disulfide linkage. The possibility exists, of course, 
that the free amino group is also attacked and that other changes occur 
in the molecule, especially under the action of the more powerful oxi- 
dants. The possibility that inactivation by benzaldehyde is primarily 
a process of oxidation has already been discussed. 
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The inactivation by nitrous acid (8, 7, 68, 38) similarly may be due to 
either an oxidation or to the action of the acid on the free amino 
groups. 

The liberation of sulfur during the alkali inactivation of insulin has 
already been mentioned. The presence of so-called labile sulfur 
(sulfur split off by boiling with N/10 sodium carbonate for 3 hour) 
is not specific for insulin, since various cystine derivatives and certain 
proteins possess the same property (10, 8). It was pointed out very 
early that insulin, under the action of alkali, not only splits off sulfur 
but also ammonia (51, 78). A more detailed study of this reaction 
indicated that treatment of insulin with even very dilute alkali liber- 
ates ammonia and leads to the formation of an inactive product (55, 37, 
38, 58, 42). There seems to exist a relation between the degree of 
inactivation and the amount of ammonia given off. Under these 
same conditions the cystine content of insulin is definitely lowered 
although the tyrosine and arginine content are not affected (58, 29, 61). 
Thus far it has not been possible to inactivate insulin by alkali without 
removing at least a part of the sulfur. The claim of Witzemann and 
Livshis (80) that insulin can be reversibly inactivated by treatment 
with approximately N/2 ammonium hydroxide has not been corrob- 
orated by later work (59). 

‘In spite of the recognized lack of precision in our knowledge of the 
reactions thus far described, one may perceive a general similarity in the 
action of the reagents used. First, there is evidence that inactivation 
results through hydrolysis of certain peptide linkage, either by enzymes 
or by acids. Secondly, irreversible inactivation is usually accompanied 
by a decrease in the cystine content. Third, although the groupings 
attacked by the various reagents are by no means exactly known, it is 
perhaps suggestive that the amino group is probably attacked in most 
cases. In all probability, therefore, a hypothetical active group con- 
tains cystine. The recent isolation of glutamic acid from insulin (57), 
and the similarity of the physiological rdle of insulin to that of gluta- 
thione as an activator of certain metabolic processes, suggests that 
glutamine is a constituent of the active group. The logic of such 
reasoning is admittedly inexact, but it is felt that an attempt to define 
the reactions of the molecule in terms of a specified grouping is of suffi- 
cient advantage as a working hypothesis to compensate for the impedi- 
ment of a possibly premature and misleading theory. 

The characteristic constituent of the insulin molecule has been 
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postulated therefore (56) as a compound of glutamine and cystine hav- 
ing either of the following chemical structures: 


O 
Vi 
CH; CH, 
HO re) | 
CH—NH—OC—CH—CH:—S—S— 
CH—NH,; C | 
O O H.N 
Vi Vi 
C—NH—CH—CH:—S—S— C——_OH 
Formula 1 Formula 2 


It must be emphasized that at the present time there is no exact 
proof that glutamine is linked to cystine as indicated in the above 
formulae. To reiterate, these structures are proposed only as a working 
hypothesis on which to base further efforts toward the elucidation of a 
possible specific constituent of insulin. With their help it is possible 
to introduce a certain degree of precision into a discussion of the chemi- 
cal nature of the reactions enumerated above. 

The heat precipitation of insulin by N/10 hydrochloric acid, as de- 
scribed above, is accompanied by the liberation of about 0.4 per cent 
ammonia (58, 38, 43, 28). Upon redissolving this precipitate in 
dilute alkali and again subjecting the material to the original acidity 
and temperature, a second coagulum is obtained with the separation 
of only 0.24 per cent ammonia (58). The formation of this acid insol- 
uble precipitate indicates a decrease in the basicity of the protein mole- 
cule, such as would result, in the case of the postulated grouping (for- 
mula 1) from the condensation of the amide group and the amino 
group with the elimination of ammonia. Solution of this condensation 
product in alkali would open the lactam ring with the regeneration of 
the carboxyl group. In the case of formula 2, the ammonia is derived 
from the amide group, and the condensation of the amino group with 
the free carboxyl group, giving a diketopiperazine, would account for 
the formation of a precipitate. Alkaline treatment of the acid precip- 
itate gives a product, the activity of which is practically equal to that 
of crystalline material. In terms of the postulated structures, however, 
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this material should differ from the original insulin in the number of 
free carboxyl groups present, due to the removal of the amide group. 
The formation of a new precipitate from this material is brought about 
by the closing anew of the lactam or diketopiperazine rings. Since the 
amide group has been removed, however, the amount of ammonia 
liberated here should be much less. Actually it is found to be approxi- 
mately half that formed on the first coagulation. The facts, however, 
do not limit the explanation of this phenomenon to that outlined above. 
The ammonia liberated under these conditions is, of course, not wholly 
derived from those amide groups involved in lactam formation. 
With formula 1, the reaction of the free carboxyl group of cystine with 
the amino group of glutamine and the simultaneous liberation of 
ammonia from the amide group, also may be considered as an explana- 
tion of the formation of the acid-insoluble heat-precipitation. 

The treatment of insulin with N/30 sodium hydroxide for three hours 
at 37°C. splits off 0.18 per cent ammonia (37, 38, 58,42). The material 
thus obtained does not precipitate on heating with N/10 hydrochloric 
acid at 100°C. (58). However, acid-precipitated insulin, when treated 
for three hours with N/30 sodium hydroxide at 37°C., gives off approx- 
imately the same amount of ammonia as crystalline insulin under the 
same conditions, namely, 0.13 per cent as compared to 0.18 per cent 
(58). Obviously, therefore, the ammonia liberated by the acid precip- 
itation cannot have the same origin as that split off by alkali. In 
addition, the product obtained by the alkali treatment is physiologically 
inactive and gives only a very faint ninhydrin reaction (58). One can 
conclude, therefore, that in all probability the ammonia obtained on 
alkali inactivation originates from a free amino group, and that the 
ammonia liberated during acid precipitation is liberated from amide 
groupings. During alkali treatment other changes take place in the 
molecule, the cystine content dropping to half its original value (58, 61). 
Whether the inactivation by alkali is due primarily to the separation of 
the molecule into smaller units by the disruption of the disulfide linkage 
(as is probable during inactivation by reduction), to the elimination 
of the amino group or to other mechanisms, is not known. Freuden- 
berg reports that he finds approximately the same amount of am- 
monia liberated by various enzymic and chemical reactions as in the 
alkali inactivation at 37°C. (43). He states, also, that during the alkali 
inactivation, the sulfur of insulin remains practically unchanged (36, 
37). He measured, however, only sulfur liberated as sodium sulfide 
(37): measurement of the decrease in cystine indicates a drop to approx- 
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imately half the original value (58, 61). Assuming that the sulfur 
content is intact, efforts were made to reactivate the alkali-treated 
insulin with concentrated and liquid ammonia (38). No positive 
results, however, were obtained. 

The acid alcohol product of insulin is physiologically inactive and 
gives a diminished ninhydrin reaction. The activity is partially re- 
stored, with the simultaneous reappearance of the positive ninhydrin 
reaction of the original material, on alkali treatment (58). One may 
explain this by assuming that the carboxyl group of cystine (formula 1) 
or of glutamine (formula 2), after esterification, reacts with the free 
amino group to form a diketopiperazine. The resultant blocking of the 
free amino group accounts for the diminished ninhydrin reaction. Al- 
kali treatment opens the diketopiperazine ring with the regeneration 
of the original molecule, and also of the free amino group which reacts 
with ninhydrin. 

The suggested structures for the active group include those molecular 
arrangements which are regarded as mainly responsible for the phys- 
iological action of the hormone. The inactivation of the hormone by 
various reagents may be explained, in terms of these structures, as the 
result of either the destruction or modification of certain of their com- 
ponent groupings. Thus, inactivation by oxidizing and reducing agents 
may be regarded primarily as the result of the rupture of the disulfide 
linkage. The loss of activity on acetylation, methylation and after 
treatment with formaldehyde can be ascribed, possibly, to the blocking 
of the amino or imino groups. With these reagents the formation of 
cyclic anhydrides may also take place. The reactivation of these 
reaction products would be associated with the regeneration of the free 
amino or imino group after hydrolysis, or with the opening of the cyclic 
anhydride ring. As yet there is no experimental evidence that is in 
conflict with such explanations as these. This does not imply, of course, 
that they are correct. 

It is of great interest to determine to which amino acid the free amino 
group belongs. An attempt is being made to settle this question by 
treating insulin with phenyl isocyanate (61). The product of this 
reaction retains approximately 5 per cent of its original activity. Under 
the conditions employed it is assumed that the hydroxyl and amino 
groups are principally attacked. On acid hydrolysis of this material 
the uramino compound previously formed by the condensation of the 
phenylisocyanate with alpha amino groups should be converted into the 
corresponding hydantoin. At the present attempts are being made to 
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identify the crystalline material thus obtained.!. The phenyl] isocyanate 
insulin gives a negative ninhydrin reaction. On treatment with N/30 
sodium hydroxide for three hours at 37°C. no detectable amounts of 
ammonia are given off. These facts, taken in conjunction, seem to 
indicate that the source of the ammonia evolved during alkaline inacti- 
vation is the free amino group, and that this group is attacked by the 
phenyl] isocyanate under the conditions employed, although no definite 
information has been obtained, as yet, in regard to the identity of the 
amino acid concerned. 

Fischer and Scott have attempted the enzymic synthesis of insulin 
by the incubation of a peptic digest of insulin with pepsin. They ob- 
tained an amorphous protein material, which, however, was physio- 
logically inactive (31). 

The possibility of the existence of plant insulins has been investigated 
at various times (19, 5, 88). Although various extracts have been pre- 
pared which, it was claimed, exerted a hypoglycemic effect, little has © 
been done, either in substantiation or extension of these investigations. 

The synthalin of Frank (32), a-w di-guanidyl-n-decane, which exerts 
a definite hypoglycemic action, has been abandoned as a substitute for 
insulin because of its toxicity. Although various investigators have 
attempted to alter or protect insulin in such a manner as to permit its 
oral administration, these efforts have, unfortunately, as yet, not met 
with any great success. Harned and Nash in studying the protection of 
insulin by anti-proteases, found that insulin may be used to excellent 
advantage as an indicator for anti-enzymic preparations (48). 

In conclusion, it may be frankly admitted that the success of the 
present methods of attack in elucidating the structure of insulin is 
dependent upon the demonstration that the physiological action of the 
hormone is the property of a specific constituent of the molecule. It is 
hoped that the synthesis and study of cystine peptides having the postu- 
lated structures may offer some verification of this hypothesis. If, 
however, one is forced to the conclusion that the physiological activity 
of the hormone is a function of the molecule as a whole, it seems prob- 
able that future advance will require the use of new methods of approach. 
It may be that the refinement and extension of the enzymic methods 
now being applied to the study of the simpler proteins, and of the 
physico-chemical methods so fruitfully employed in other fields, will 
permit their application to the successful prosecution of this problem. 


1This substance has been recently identified as the phenyl hydantoin of 
phenylalanine, an amino acid not previously found in crystalline insulin. 
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AppENDuUM. In the interval between the preparation of this review 
and its publication, several papers bearing directly on the subject have 
appeared. Davis, Luck and Miller have reported that the various 
physiological functions of insulin are centered in a number of ‘active 
groups” which vary in their stability towards inactivating agents (89). 
Birger and his associates have recently published a series of papers on 
crystalline insulin which are mainly concerned with the pharmacological 
and physiological properties of the hormone (90, 91, 92, 93, 94). The 
most recent general survey of the physiological and pharmacological 
investigations of insulin will be found in volume 2 of Trendelenburg’s 
“Die Hormone,” Julius Springer, Berlin 1934. 
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PHAGOCYTOSIS 


STUART MUDD, MORTON McCUTCHEON anp BALDUIN LUCKE 


Departments of Bacteriology and Pathology, University of Pennsylvania, School 
of Medicine, Philadelphia, Pa. 

Phagocytosis may be defined as the ingestion of a particle by a living 
cell. The particle may be any sort of non-living matter, or may be a 
bacterium or other cell, to whose death and digestion phagocytosis may 
or may not lead. The present review will be concerned with the act of 
ingestion and not with the fate of the particle ingested. 

We shall consider first, the factors that influence phagocytosis; 
second, the mechanism of phagocytosis; and finally we shall consider 
the different kinds of cells that may exhibit phagocytic activity. 
For historical treatment of phagocytosis and for further discussion 
of various aspects, reference is made to the classical monographs of 
Metchnikoff (1, 2), and to more recent reviews by Ernst (3), Mar- 
chand (4), Hamburger (5, 6), Neufeld (7), Neufeld and Loewenthal (8), 
Ledingham (9), Muir (10), Gray (11), Fleischmann (12), Hirschfeld (13), 
and Philipsborn (14). 

1. METHODS OF STUDYING PHAGOCYTOSIS. Many kinds of particles 
such as carmine, carbon, plant spores, erythrocytes and other animal 
cells, and living or dead bacteria have been introduced into the living 
animal intravenously, intra- or subcutaneously, or by injection into the 
serous cavities. The distribution of the injected particles has then 
been studied by making direct smears from exudates or from organs, or 
by histological methods. 

In vitro methods lend themselves to more quantitative treatment. 
Suspensions of cells suitable for phagocytosis have been obtained by a 
variety of methods; full discussion will be found in the works of Ham- 
burger (5, 6) and of Wright and Colebrook (15). The recent publica- 
tions of Starlinger (16), Endres (17), Kamiya (18), Gay and Morrison 
(19), Szil4rd (20) and the critique of Szilard’s method by Hirsch (21) 
may also be consulted. J. de Haan (22) found that polymorphonuclear 
leucocytes maintain their viability longest (up to 7 days) in undiluted 
homologous blood serum. In Ringer’s solution and similar fluids the 
leucocytes lose their phagocytic activities and degenerate within 1 to 
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2 days. Cross (23) observed that polymorphonuclear leucocytes may 
preserve their phagocytic activity in the body for as long as 11 days 
after death. 

Several types of procedure have been employed for determining the 
amount of phagocytosis. In the method devised by Leishman (24) 
and elaborated by Wright and Douglas (25), the average number of 
particles engulfed per leucocyte in a given time is determined. De- 
scription of more recent modifications of Wright’s method are given by 
Fleming (26). Technical difficulties such as that of counting the indi- 
vidual ingested particles and disturbances due to clumping have led 
many investigators to prefer other procedures in quantitative work. 

Hamburger (5) determined the percentage of phagocytes which en- 
gulfed test particles in a given time. This method has been adopted 
by the writers (27). Hamburger (6) has made a critical comparison of 
his own and Wright’s methods. A third procedure has been elaborated 
by Fenn (28). In a phagocytic system with known numbers of cells 
and test particles, Fenn determined the number of uningested particles 
as a function of time. This method measures the work done, whereas 
Hamburger’s measures the percentage of cells which have done the work. 
However, by making certain assumptions it is possible to establish a 
mathematical relationship between the procedures (28, 29). 

' Three important sources of error in much of the earlier quantitative 
work on phagocytosis should be borne in mind in critical consideration 
of the literature. These are, first, the failure to secure uniform mixing 
of cells and test particles, as for instance in the Wright technique; since 
the introduction of suitable apparatus by Fenn (28), Robertson (30), 
and others (31), this error has largely been eliminated in precise work, 
although the old inexact methods unfortunately continue to be recom- 
mended and used. 

Secondly, failure to take adequately into account the preponderant 
importance of phagocytosis-promoting substances in serum has led to 
error. Many experiments have sought to determine the effect of tem- 
perature, hydrogen-ion concentration and other factors on phagocytosis 
in the presence of dilute or whole serum. ‘Too often the effect of such 
factors has been considered as exerted upon the phagocytes themselves in 
complete disregard of the probability that adsorption upon the test par- 
ticles of phagocytosis-promoting serum components may have been in- 
fluenced in such a way as to mask any slighter effect upon the phagocytes 
themselves. 

And thirdly, uncertainties have been introduced by disregard of the 
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so-called zone phenomena in phagocytosis. For instance, when serial 
dilutions of serum are mixed with phagocytes and test particles, the 
amount of phagocytosis may, under certain conditions (31, 32, 33), first 
increase with dilution of the serum and then decrease with further dilu- 
tion of the serum. Comparisons based upon a single serum concentra- 
tion and a single time of observation may thus be invalidated. 

2. THE PROBABILITY OF CONTACT BETWEEN PHAGOCYTE AND PARTICLE. 
In reviewing the physical and chemical factors that affect phagocytosis 
it is convenient to consider the process in 2 stages; first, the cell and par- 
ticle come into contact; second, the cell engulfs the particle. The first 
stage is best studied by simplifying the system as much as possible; this 
is done by suspending cells and particles in some liquid contained in 
tubes, which are slowly rotated. Under these circumstances it is evi- 
dent that contact between cell and particle occurs purely by chance. 
Chemotropism is not invoived since leucocytes are capable of locomo- 
tion only when attached to a solid surface; in other words they can crawl, 
but not swim.! 

Under these simplified conditions it might be expected that the amount 
of phagocytosis would be proportional to the chances of collision be- 
tween cell and particle; such as was found by Fenn to be the case (28, 
34, 35). 

With a system consisting of rat leucocytes, quartz or carbon particles 
of known size and a suspending medium of isotonic NaCl solution and 
serum, he found that the rate of phagocytosis was proportional to the 
number of uningested particles. This relation is what one would expect 
at the beginning of an experiment, but that it would still hold after 
leucocytes had already ingested particles is interesting; it depends on a 
type of behavior previously found experimentally by McKendrick (36), 
i.e., that there is no decrease in the ease with which a cell engulfs one 
small particle after another. Observations of our own indicate that 
this principle is true only within limits; we have observed phagocytes so 
full of erythrocytes or Monilia cells that further phagocytosis was in- 
hibited (37). 

Fenn showed in two additional ways that phagocytosis is ordinarily 
proportional to the probability of collision. It is evident that the prob- 
ability of collision depends on the size of particle and of cell—that is, 
according to Fenn’s formulation, on the square of the sum of the di- 
ameters of cells and particle. The size of both cells and particles being 


1 Philipsborn finds some evidence to the contrary; see p. 157 of his review on 
locomotion of leucocytes (14). 
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known, it was possible to test this hypothesis by using particles of differ- 
ent size, and the relation was found to hold (28, 34, 35). 

Secondly, Fenn showed that the probability of collision depends on the 
relative velocities of cell and particle in the rotating tubes. By vary- 
ing velocities it was shown again that the rate of phagocytosis is propor- 
tional to probability of collision. 

Change in the kind of test particle of course changes the proportion 
of collisions which result in phagocytosis and hence alters the rate of 
phagocytosis. A difference of this type was shown by Fenn to exist 
between quartz and carbon; under certain conditions carbon was phag- 
ocytized 4 times as readily as quartz (35). And this difference occurs 
even though the numbers of collisions be equal, as was demonstrated by 
Fenn with another method. In this, the suspension was run under a 
coverslip onto a slide, and observed under the microscope. In one such 
experiment in a certain microscopic field in 24 minutes, 36 contacts be- 
tween leucocytes and quartz particles were observed and 37 between 
leucocytes and carbon particles; yet at the end of the period only 1 
quartz particle had been ingested as compared with 12 carbon particles 
(38). | 

Serum was present in Fenn’s phagocytic mixtures, and Fenn states 
that little phagocytosis of either carbon or quartz occurred without 
serum. It seems probable to the writers, therefore, that the differences 
between carbon and quartz are referable, at least partially, to differ- 
ences in the ability of carbon and quartz to adsorb phagocytosis-pro- 
moting substances from the serum under the given experimental con- 
ditions. 

With this method, called by Fenn the “‘film’’ method, contact between 
cell and particle results not from motion induced by gravity, as in the 
preceding experiments, but from amoeboid motion, the cells crawling 
about, coming in contact with particles which they then may or may not 
ingest. Under these conditions a complicating factor may be intro- 
duced, chemical attraction of particle for cell. This was not the case 
with particles of quartz and carbon; with these, contacts appeared to 
be purely by chance. When, however, particles of MnO, and of MnSiO,; 
were used (38), it was evident by direct observation that the collisions 
were no longer fortuitous. ‘Though equal numbers of the two kinds of 
particles were present, 2.4 times as many encounters occurred with MnO, 
as with MnSiO;; this resulted in 20 times as many MnO, particles being 
ingested as MnSiO;. There was evidently definite chemical attraction 
exerted by the MnO, particles, a conclusion which Fenn confirmed by 
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observing that leucocytes frequently advanced directly toward these 
particles instead of exhibiting the usual random movements. The 
chemical attraction he supposed to depend on the fact that MnO, is 
soluble in water, though only slightly so (38). Similarly Commandon 
(39) was able to demonstrate by moving pictures that leucocytes are 
attracted toward starch grains which are subsequently ingested. 

Jung (40) recently determined the relation between concentration of 

leucocytes and percentage of cells phagocytizing streptococci, using 
Wright’s technic. As the number of leucocytes per unit volume is in- 
creased, the percentage phagocytizing decreases. The graph in her 
paper shows this relation to be linear, when leucocytes vary between 
1000 and 7000 per cubic millimeter. Thus when 2000 leucocytes are 
present, 74 per cent phagocytize in 15 minutes, but when 6000 are 
present only 48 per cent phagocytize. With 12,000 leucocytes, 23 per 
cent phagocytize. 
_ Such differences would be important in making repeated phagocytic 
determinations on an individual with varying numbers of circulating 
leucocytes. However, the relation found by Jung depends on the tech- 
nic employed; it is likely that excess of bacteria and continuous mixing 
by rotation would tend to obviate the effect of variations in the number 
of leucocytes. 

Of other conditions that may aid or hinder contact of cell and particle, 
such as viscosity of the medium, we have no knowledge. 

3. PHYSICAL AND CHEMICAL FACTORS MODIFYING PHAGOCYTOSIS. A. 
Temperature. Of the earlier investigations on the effect of temperature, 
the most interesting is that of Ledingham (41). He found that when 
mixtures of staphylococci, serum and leucocytes were incubated at dif- 
ferent temperatures the number of bacteria ingested per leucocyte in 
15 or 30 minutes increased fairly regularly with temperatures between 
18° and 37°. Beyond this range, the effects were somewhat variable. 
Usually phagocytosis at 43° was 4 or 5 times greater than at 18°, after 
a quarter or half an hour. In other experiments he showed that the 
effect of temperature in the range from 18° to 37°C. was exerted chiefly 
upon the combination of bacteria with opsonin rather than upon the 
phagocytes themselves. Ledingham’s work leaves a number of ques- 
tions unanswered; we wish that someone would repeat and extend these 
experiments with modern methods. 

A marked effect of temperature on phagocytosis of various bacteria 
by human leucocytes was observed also by Bine and Lissner (42), 
Rolly and Meltzer (43), and by Madsen and Wulff (44). But the latter, 
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when they used frog’s leucocytes, found no significant difference in the 
number of staphylococci or colon bacilli phagocytized at 0° and at 40°. 
Kammerer (45) failed to find much difference in phagocytosis of staph- 
ylococci at 0° and at 37°, though tubercle bacilli were much more 
rapidly ingested at 37° than at zero degrees. 

Some other observations of Madsen and Wulff are of interest (44). 
Human leucocytes phagocytized the greatest number of bacteria at 37°, 
the normal body temperature. Other species also showed maximal 
phagocytosis in vitro at temperatures corresponding to that of the 
body—guinea pig at 39°, chicken and pigeon at 41°. But if the tem- 
perature of the individual changes, then the optimal temperature for 
phagocytosis in vitro was reported to change with it; thus with a febrile 
individual having, for example, a morning temperature of 36° and eve- 
ning temperature of 40°, the optimal temperature for phagocytosis in the 
morning was 36° and in the evening 40°. It would be of interest to re- 
peat these observations. 

Ono (46) has recently reported that temperatures between 25° and 
30° are optimal for the phagocytosis of starch by rabbit leucocytes, and 
that the temperature range within which phagocytosis with this system 
is possible extends from 10° to 60°. Mdérch (47) found only small differ- 
ences in the amounts of spontaneous phagocytosis of starch grains by 
rabbit leucocytes over the temperature range from 30° to 42°. 

The experiments thus far reviewed permit only limited conclusions in 
regard to the effect of temperature on phagocytosis. These conclusions 
are only semi-quantitative, that is, they state, with the exceptions noted 
above, that phagocytosis increases with temperature, within ill-defined 
limits. But these experiments do not permit us to say how much greater 
phagocytosis is at one temperature than at another. We may be told 
that at the end of half an hour’s incubation the phagocytic index at 37° 
is for example 10 and at 27° is 5, figures which yield a value of 2 for 
Qio, the temperature coefficient. However if the experimenter had 
taken readings after 15 minutes and after an hour, the overwhelming 
chances are that the value of Qi would have been quite different in 
each case; so that it is meaningless to give Qio a value; comparison of the 
amounts of phagocytosis in a given time is not a satisfactory measure 
of the temperature effect; rather we must have determinations at vari- 
ous times during phagocytosis, so that the time course of phagocytosis 
may be plotted. The principle involved has been discussed by Oster- 
hout (48). 

If now such curves are found to indicate some simple relation between 
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the amount of phagocytosis and time, as, for example, that the rate of 
phagocytosis is proportional to the number of particles yet to be in- 
gested, then an equation, such as the one expressing the course of a 
unimolecular reaction, may be employed, and values of the velocity con- 
stant determined at different temperatures. These values are then used 
to measure the effect of temperature. 

’ Or it may be more convenient to determine directly from the curves 
the times required to bring about a certain amount of phagocytosis at 
different temperatures; for example, the times required to ingest one- 
half the particles. | 
«©'Only two investigations have yielded data sufficiently full and accu- 
rate for such analysis, that of Madsen and Watabiki (49), and that of 
Fenn (50). 

. Madsen and Watabiki, working with staphylococci and B. coli in 
specific antiserum, made the following interesting observations. When 
this suspension was incubated with leucocytes at a given temperature 
and sample counts were made at intervals, it was found that the amount 
of phagocytosis increased up to a maximum which depended on the 
temperature and was not surpassed even thougb incubation was greatly 
prolonged. Only by elevation in temperature could the maximum be 
changed. 

This circumstance led to errors in analysis by means of the equation 
for unimolecular reactions, as was pointed out by Fenn (50). Fenn 
found the most satisfactory analysis was to determine the time required 
at each temperature for one-half the maximum number of bacteria to 
be ingested; it is understood that the maximum is different for each tem- 
perature; the result is then expressed as bacteria per leucocyte per 
minute. 

In this way Fenn recalculated the results of Madsen and Watabiki 
and found a surprisingly uniform temperature coefficient over the entire 
range from 5° to 35°C. The value of Qio was 2.0, indicating that the 
rate of phagocytosis was doubled by a rise in temperature of 10°. 

Fenn’s own experiments led to less clear cut results (50). Exudative 
rat leucocytes were caused to ingest carbon or quartz particles in the 
presence of serum, samples being removed from tubes at intervals dur- 
ing rotation in a water bath. The percentage of particles not ingested 
was plotted against time, and from the graph the times necessary to in- 
gest 25, 50 and 75 per cent of particles were determined. 

Temperature coefficients determined from these results varied — 
in different parts of the temperature range. By Fenn’s suspension 
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method the value of Qio between 30° and 37° was about 1.4, whereas 
between 23° and 27° Q:o had a value indefinitely above 4.5. With the 
film method the following values were obtained: 27°-35°, Qio = 3.2 
+ 0.4; 20°-27°, Qio = 14.2 + 1.7; 10°-20°, Qio equalled about 6.8. 

Fenn thought it likely that the high temperature coefficient at Jower 
temperatures was associated with high viscosity of the cells; at higher 
temperatures, clumping of particles and of cells entered as a factor favor- 
ing phagocytosis. The reason for such factors to fail to appear in 
_ Madsen’s work is not clear. 

B. Osmotic pressure. The effect of variations in osmotic pressure, 
although of fundamental importance, has been little studied. The 
most thorough investigation is that of Hamburger, who tested phagocy- 
tosis of carbon particles by blood leucocytes of the horse (5). Cells and 
particles were exposed to hypotonic solutions prepared by diluting 
serum with water. The percentage of cells which had ingested carbon 
was, after 45 minutes in undiluted serum, 37; in serum diluted 20 per 
cent with water, 32; in serum diluted 50 per cent, 21; in serum diluted 
100 per cent, 123; in serum diluted 140 per cent and 200 per cent, zero. 

Changes brought about in these hypotonic solutions were found to be 
reversible, except in extreme dilutions. Thus cells exposed for 1 hour 
to serum diluted 20 and 50 per cent, respectively, with water and then 
transferred to undiluted serum, phagocytized as well as cells kept the 
same length of time in whole serum; and cells exposed to serum diluted 
100 per cent and 200 per cent later recovered to a considerable extent 
their phagocytic ability in whole serum. 

Similar results were obtained with solutions hypertonic with respect 
to blood. In pure sodium chloride solutions a concentration of 1.0 per 
cent decreased by ? the number of cells phagocytizing, as compared with 
0.9 per cent NaCl; and 1.3 per cent NaCl completely inhibited phago- 
cytosis. When NaCl was dissolved in serum, so increasing the osmotic 
pressure of the latter, addition of as little as 0.1 gram per 100 ce. dis- 
tinctly decreased the percentage of cells phagocytizing; however, hy- 
pertonic serum proved to be less inhibiting than hypertonic pure NaCl 
solutions, 

Recovery from the effects of hypertonic solutions was demonstrated 
as in hypotonic solutions, but proved to be somewhat less complete. 
But many cells recovered ability to phagocytize even after $ hour’s 
exposure to 2.0 per cent NaCl. 

Hamburger’s conclusion that phagocytosis is maximal in a solution 
isosmotic with blood is in disagreement with the early work of Wright 
and Reid (51) and with that of Ouweleen (52). 
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Wright and Reid studied phagocytosis of tubercle bacilli by human 
leucocytes; in the absence of serum they found maximal phagocytosis 
in 0.6 per cent NaCl. In the presence of serum, dilution with hypo- 
tonic NaCl solution tended to increase ingestion, with hypertonic NaCl, 
to decrease it. 

Ouweleen used Hamburger’s technic with horse blood leucocytes and 
studied their ingestion of carbon in the presence of a small amount of 
serum. Like Hamburger, he found that slightly hypertonic NaCl was 
extremely depressing. With hypotonic NaCl his results were in sharp 
disagreement with Hamburger’s, phagocytosis increasing as the osmotic 
pressure of the solution was decreased, until maximal phagocytosis was 
obtained in a solution containing about 0.5 per cent NaCl. Further 
decrease in osmotic pressure rapidly reduced the number of cells phag- 
ocytizing. 

Similar results were obtained when starch grains were phagocytized 
in the presence of egg albumin. Maximal phagocytosis was obtained 
with about 0.55 per cent NaCl. 

These results are in sufficiently good agreement with those of Wright 
and Reid. The disagreement with Hamburger’s results suggests the 
need for further experiments. A priori it is not improbable that reduc- 
tion in osmotic pressure within limits would increase phagocytosis by 
reducing cell viscosity, but that such is the case cannot at present be 
asserted. 

C. Effects of ions. The most important work on the effects of ions on 
phagocytosis is that of Hamburger (5), who tested phagocytosis of car- 
bon particles by horse blood leucocytes in various pure salt solutions 
and combinations of salt solutions. 

Testing first the anions Cl, Br and I, he found little difference be- 
tween Cl and Br in isotonic solutions, whereas I ions definitely decreased 
phagocytosis. Thus after 45 minutes’ exposure, 43.2 per cent of cells 
in NaCl had ingested carbon, 44 per cent of cells in isosmotic NaBr, 
and only 0.5 per cent in Nal. 

Further experiments brought out differences between NaCl and NaBr. 
In hypertonic concentrations of these salts phagocytosis was decreased 
in both, but more in NaBr than in NaCl, as illustrated by the following 
figures: in 0.9 per cent NaCl, 41 per cent of cells phagocytized; in isos- 
motic NaBr, 38.6. In 1.0 per cent NaCl, 32.3 per cent; in isosmotic 
NaBr, 24.4 per cent. In 1.1 per cent NaCl, 27.5 per cent; in isosmotic 
NaBr, 15.2 per cent. 

Deviations from isotonicity in the opposite direction led to similar 
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results: phagocytosis was decreased in hypotonic solutions of both NaCl 
and NaBr, but more so in those of the latter. 

In all cases these effects were more or less completely reversible. 
Cells exposed for 2 hours to slightly hypotonic NaBr solutions fully re- 
covered their phagocytic power when placed in isotonic NaBr, Ringer 
solution being used in control experiments. But cells exposed to hyper- 
tonic NaBr and then allowed to phagocytize in isotonic NaBr showed 
slightly less recovery than cells transferred from hypertonic NaBr to 
isotonic NaCl. 

From these experiments it is seen that NaBr is only slightly less favor- 
able to phagocytosis than NaCl. 

Of the other anions studied, the fluoride, sulphite and citrate of sodium 
definitely depressed phagocytosis; the deleterious effects of citrate could 
be partially removed by subsequent washing and resuspension of the 
cells in NaCl solution. 

Turning now to the cations, hardly any differences were found be- 
tween the chlorides of Na and K. Thus in one experiment, phagocyto- 
sis in isotonic NaCl was 35.8 per cent; in isotonic KCl, 33.0 per cent. 
Cells exposed to hypotonic KCl subsequently recovered their power of 
phagocytosis in serum about as well as did cells exposed to hypotonic 
NaCl. 

‘Hamburger’s most interesting results were obtained with Ca ions. 
He found that CaCl, in appropriate concentrations increased phagocyto- 
sis not only when added to NaCl, but also when added to serum. Thus 
in one experiment the percentage of cells phagocytizing in isotonic NaCl 
was 20.6; with addition of 0.1 per cent CaCl, 33.5. In serum 21.2 per 
cent phagocytized; with addition of 0.2 per cent CaCl, 27.6. Also the 
depressing effect of hypertonic NaCl (1.2 per cent) was overcome by ad- 
dition of 0.1 per cent CaCle. 

Also of great interest was the observation that CaCl, reverses the de- 
pressing effect of prolonged exposure to NaCl. Thus of cells exposed 
for 24 hours to isotonic NaCl, only 5.8 per cent phagocytized as com- 
pared with 44.4 per cent of fresh cells. But when 0.05 per cent CaCl, 
was added to cells exposed 24 hours to NaCl, 50.8 per cent became cap- 
able of phagocytosis. Thirty-two and seven tenths per cent phagocy- 
tized after addition of 0.05 per cent MgCle. No concentration of 
MgCl, was found that would increase phagocytosis in serum, 

Hamburger now inquired whether CaCl; increased the rate of phago- 
cytosis or the final percentage of cells which would phagocytize. 
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TIME NaCl NaCl + 0.05 per cent CaCle 
minutes 
10 31.2 30.6 
20 31.7 39.9 
30 41.5 58.5 
60 48 .2 65.9 
90 64.0 59.6 
120 65.1 66.1 


From the figures above it is seen that the former is the case, that CaCl. 
increases the rate of phagocytosis rather than the number of cells that 
finally phagocytize. Quite the opposite had been found when the effects 
of iso- and anisotonic solutions were compared. 

The effect of CaCl. was studied further by Kanai (53) who found that 
both in NaCl solution and in protein solutions there is an optimal con- 
centration of CaCl.; this optimal concentration is about 0.02 per cent. 
In a series of striking experiments, Kanai was able to show that in this 
concentration of CaCle, particles are most completely coated with pro- 
teins and therefore, for reasons that will be discussed later, best prepared 
for phagocytosis. 

The effect of CaCl, in absence of protein, i.e., in NaCl solution, is 
less easily understood. Kanai found that a concentration of 0.02 per 
cent CaCl, produces maximal clumping of leucocytes. According to 
Radsma (54) calcium promotes phagocytosis of starch by human leuco- 
cytes only when calcium has been removed from the leucocyte suspen- 
sion by citrate or oxalate. 

Intravenous injection of several calcium salts was found by Tunni- 
cliff (55) to increase the phagocytic index. 

Radsma studied the effect of anion and cation series on phagocytosis 
of starch grains by human leucocytes (56). The solutions employed 
were 1500 cu. mm. of isotonic salt solution + 60 cu. mm. of human blood. 
The preparations were ordinarily incubated for 45 minutes at 35°. 

Experiments with anion series resulted as follows: 


NaCl = NaBr > NaNO; > Nal 
KCl > KCIO; > KBr > KNO; > KI = KCNS. 


Cation series were as follows: 


NaCl > RbCl > KCl > LiCl. 
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In these experiments the differences between Na, Rb and K were slight. 
NaNO; > KNO; CsNO;. 


From these experiments Radsma constructs the following cation series 
(which must be regarded merely as an approximation) : 


Na > K > Rb > Cs > Li. 


He next inquired whether these ionic effects depended on differences 
in the rate of phagocytosis or differences in the ultimate capacity of 
cells to phagocytize. In the case of NaNO; it was found that prolonga- 
tion of the experiment to 17 or 2 hours only slightly increased phagocyto- 
sis. At least for this solution, it was not merely the rate that was 
affected. 

The question was then asked, is the unfavorable effect of certain 
solutions reversible? This was shown to be the case with NaI. Cells 
exposed for 13 hours to Nal and thereby rendered practically incapable 
of phagocytosis became normally phagocytic when returned to NaBr. 
This is an especially interesting result as Br is not normally present in 
high concentration in the cell. It would appear that the depressing 
effect of the iodine anion on phagocytosis does not depend on loss of 
ions proper to the cell, and that its effect is reversible. 

‘A number of other observers have reported on the effects of various 
salts. Hektoen and Ruediger (57) added salts to mixtures of defibri- 
nated blood and bacteria. Phagocytosis was depressed by all salts other 
than NaCl in the concentrations used. Preliminary treatment of the 
leucocytes or the bacteria with the salts did not produce this inhibition 
of phagocytosis; addition of the salts to the defibrinated blood before 
adding the bacteria did inhibit subsequent phagocytosis. TheautHors 
concluded that the effect of salts in these experiments was to interfere 
with the opsonization of the bacteria. 

Eggers (58) reported that BaCl, and NaF were toxic to leucocytes; 
MgCl; in appropriate concentrations somewhat increased phagocytosis. 
Recently Mérch (47) has found a stimulating effect of LiCl on the spon- 
taneous phagocytosis of starch grains. The optimal concentration was 
between 0.00001 and 0.001 molar. 

How may the effects of ions on phagocytosis be interpreted? With 
technical procedures such as Wright’s, in which collisions of particle and 
leucocyte due to mixing and those due to locomotion are not well differ- 
entiated, and in which serum is present, interpretation is difficult and 
uncertain. Most of the work with ions has fortunately been done by 
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Hamburger’s technic or a modification of it, in which uniformity of 
mixing was at least approximated and in which the locomotion of the 
leucocytes was not an appreciable factor. In such experiments phago- 
cytosis must depend upon 1, the probability of collision between leuco- 
cyte and particle, and 2, the probability of ingestion after collision. 
Except in the work of Fenn the two factors have not been quantitatively 
differentiated. 

In the presence of serum the adsorption of serum proteins on the par- 
ticle surface is a factor of major importance as will be shown later. In 
the work of Hektoen and Ruediger, of Kanai, and of Fenn the influence 
of ions seems to have been predominantly upon the adsorption of serum 
components upon the test particles and upon the properties of the serum- 
sensitized particle surfaces. 

Many experiments of Hamburger and his associates, however, in- 
volved spontaneous phagocytosis in the absence of serum, and evidence 
has been presented to indicate that the influence of salts was here ex- 
erted mainly upon the leucocytes themselves. To Hamburger it seemed 
likely that in these experiments decrease in phagocytosis was usually 
associated with exchange of ions between cell and solution—loss by the 
cell of its proper ions or penetration into the cell of foreign harmful ions. 
In the experiment in which the cell exposed for 24 hours to NaCl solu- 
tions had lost its phagocytic power but recovered it on addition of CaCla, 
it appeared to Hamburger that the cell had lost Ca ions during its pro- 
longed stay in NaCl, but regained them when Ca was added to the solu- 
tion. The present writers have difficulty in picturing such rapid pene- 
tration of Ca ions into the cell as at once to restore its normal ionic 
content. Nor is such explanation consistent with Radsma’s experiment 
in which cells which had lost their phagocytic ability in NaI regained 
it when placed in NaBr (56). 

Radsma’s interpretation was that ions affect phagocytosis through 
their effect on the interfacial tension at the cell surface. In this effect 
the ions act in accordance with their position in the Hofmeister series. 
Gellhorn (59) agrees that there is here a lyotropic effect exerted on the 
surface of the leucocyte, and Héber (60) also stated that the order of 
ions appears to follow the lyotropic series. Additional force is given 
to this point of view by more recent work of Briggs (61) showing that 
series of ions affect certain properties of surfaces in the order of their 
lyophility. ‘Other things being equal, the greater the lyophility of an 
ion for its solvent (and, therefore, the lower its mobility) the less will 
be its tendency to move out of the liquid phase into the interface layer,” 
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and hence to alter free energy relations in that interface. Since phag- 
ocytosis will be shown to be primarily determined by the free energy 
relations at the cell-particle-medium interfaces a connection between 
lyophility and phagocytosis is not surprising. 

D. Effect of hydrogen ions. The effect of hydrogen ion concentration 
on phagocytosis has been investigated by a number of workers, most of 
whom agree that phagocytosis is decreased by any marked departure 
from neutrality. In the case of the older experiments (for bibliography 
Evans (62) may be consulted), the actual hydrogen ion concentration is 
of course unknown. As typical of such experiments, Eggers (58) and 
Hamburger (5) both reported that addition of HCl or NaOH, even in 
very small amounts, decreased phagocytosis (in serum). Di Macco 
(63) tested the effect of NaOH on bacteria, serum and leucocytes sepa- 
rately and found that previous treatment of each of these with NaOH 
unfavorably influenced subsequent phagocytosis. 

With buffered solutions of known pH, Evans studied phagocytosis 
of specifically sensitized Streptococcus viridans by exudative rabbit 
leucocytes (62). She found that maximal phagocytosis occurred near 
neutrality, declining with the pH. Organic acids were more toxic than 
mineral acids at the same pH. Since organic acids in general penetrate 
into cells more readily than mineral acids (64), this toxicity suggests 
penetration and injury of the leucocytic protoplasm. 

Morch (47) found pH = 6.6 optimal for the spontaneous phagocytosis 
of starch grains by rabbit leucocytes in phosphate buffer solutions. 

The most accurate quantitative experiments on this subject are those 
of Fenn (65). When leucocytes crawled about on a slide and ingested 
particles (film method), maximal phagocytosis of quartz in the presence 
of serum occurred at pH 7.0, of carbon at pH 7.0 or 7.3. When leuco- 
cytes and quartz particles were suspended in rotating tubes, maximal 
phagocytosis occurred on the acid side of neutrality at about 6.7. In 
the film method, contact between cell and particle is the result of amoe- 
boid movement, while in the suspension method amoeboid movement 
plays no part. Fenn thought it likely, therefore, that in the film 
method, phagocytosis might be influenced by the effect of hydrogen ions 
on locomotion of leucocytes. 

No definite effect of pH was observed on phagocytosis of particles of 
manganese dioxide and manganese silicate (38). At pH 6.3, 7.0 and 
7.6 distinct differences were not found, manganese dioxide being in each 
case taken up much more rapidly than manganese silicate. This differ- 


ence was thought to depend on chemotropic attraction of cells by man- 
ganese dioxide. 
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Fenn made ingenious attempts to explain the influence of pH on 
phagocytosis, but failed to find an explanation which was satisfactory. 
Unfortunately the effects of pH on the adsorption of phagocytosis-pro- 
moting serum proteins by the several test particles was not carefully 
investigated, although it seems to the present reviewers that the ex- 
planation sought might well have been found therein. : 

E. Effect of certain fat soluble substances. Hamburger (5) studied a 
series of compounds that had as common properties high solubility in 
fats and high surface activity. Included in this series were some of the 
common narcotics such as chloroform, chloral hydrate and ethyl alcohol. 

Iodoform definitely increased phagocytosis above that occurring in 
pure isotonic NaCl. It was effective in a concentration as low as 1 
part in 2 million parts of NaCl solution. Its effect, like that of Ca ions 
already discussed, was upon the rate of phagocytosis rather than upon 
the number of cells eventually phagocytizing, as is seen in the accom- 
panying table. The figures indicate the percentage of cells phagocy- 
tizing. 


TIME 0.9 PER cent NaCl 0.9 PER — + CHI; 
minutes 
10 40.8 56.8 
54 61.4 
30 53.8 69.4 
60 58.5 69.9 
90 67.3 70.1 


In the first 10 minutes phagocytosis was much greater in the presence 
of CHI; than in control cells, but after 1} hour the latter had practically 
caught up. 

Chloroform was found to increase phagocytosis in concentrations from 
1 part in 20,000 to 1 part in 5 million. In higher concentrations, chloro- 
form decreased phagocytosis. In the lower concentrations it increased 
the rate of ingestion as did iodoform, without increasing the percent- 
age of cells ultimately phagocytizing. 

Iodoform and chloroform were found to have another property, a 
remarkable one: they restored the phagocytic power of cells that had 
been long exposed to NaCl solution. But in doing this they were less 
effective than CaCl,. Thus in one experiment in which cells had pre-. - 
viously been kept 18 hours in isotonic NaCl, the percentages of cells 
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that phagocytized in 4 hour were, in NaCl, 20; in NaCl + CHCl; (1 
in 500,000), 34.2; in NaCl + 0.001 per cent CHI;, 31.4; in NaCl + 
0.05 per cent CaCls, 46.4. This action of a narcotic (CHCl;) in restor- 
ing a function is surprising. In another experiment after 18 hours’ 
exposure to isotonic NaCl, phagocytosis in } hour was only 3.8 per cent, 
but in CHI; (1 in 100,000) was 45.9 per cent. 

Chloral hydrate and ethyl alcohol likewise increased phagocytosis in 
low concentrations but inhibited it in higher. 

The same properties were found in a number of other compounds hav- 
ing various chemical structure. Thus n-butyric acid increased phagocy- 
tosis in a concentration of 1 part in 500,000, but decreased it in 5 times 
that concentration. N-propionic acid aided phagocytosis in 1 part in 
5 million but decreased it in 1 part in 500,000. Benzol, camphor, tur- 
pentine and balsam of Peru had similar effects. 

Considering these diverse substances as a group, Hamburger found 
that there was correlation between the partition coefficient of these sub- 
stances in oil/water and the smallest concentration that increased phag- 
ocytosis. The two fatty acids, butyric and propionic, were more effec- 
tive than would be predicted by their partition coefficients. The 


correlation is particularly striking if one considers compounds chemically 
related. 


LOWEST CONCEN- 
SOLUBILITY TRATION THAT 
OIL/WATER INCREASED 
PHAGOCYTOSIS 


Hamburger supposed that the partition coefficient oil/water would be 
similar to the coefficient cell/salt solution; in other words, the greater 
the relative solubility of a substance in the cell, the lower would be the 
minimal concentration that increases phagocytosis. 

With Wright’s method of studying phagocytosis, experiments with 
narcotics have given contradictory results. Torraca (66) found that 
ether anesthesia of human beings was usually followed by increased 
phagocytosis of bacteria in vitro. When ether was added in vitro to 
the phagocytic system, concentrations of 1:4000 or less of ether increased 
phagocytosis, higher concentrations had the opposite effect. Graham 
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(67) had earlier found only depression of phagocytosis following ether 
anesthesia of man or rabbit. In vitro high concentrations of ether (1 
to 5 per cent) decreased ingestion of bacteria. 

The results of Arkin (68) and of di Macco (69) are in disagreement 
with those of Hamburger. Arkin found that even very small concen- 
trations of chloral hydrate depressed phagocytosis. With ethyl alco- 
hol, di Macco found decreased phagocytosis both in serum and in salt 
solution with concentrations of alcohol from 1:100 to 1:1000; lower 
concentrations had usually no effect. 

All these investigators used Wright’s method and studied phagocyto- 
sis of bacteria, while Hamburger with a different method used carbon 
particles. Clearly these discordant results suggest the need of further 
experiments. 

F. Histamine. The effect of histamine was recently investigated 
by Loos (70), who used Hamburger’s method—horse blood leucocytes 
and charcoal, suspending these in buffered salt solution. 

Histamine gave convincing evidence of increasing phagocytosis when 
used in concentration of about 1:40,000. The percentage of cells phag- 
ocytizing was increased between 6 and 32 per cent in 16 experiments. 
This was true at pH 7.6. At pH 7.1 phagocytosis was increased both 
with and without histamine and it became maximal at pH 6.6, practi- 
cally all active cells phagocytizing, so that the effect of histamine was 
not appreciable. Experiments were done to show whether histamine 
acted on phagocytes or on particles. When leucocytes were exposed to 
histamine without charcoal, they absorbed histamine and, after being 
washed, their phagocytic power was greatly enhanced. When charcoal 
was exposed to histamine without leucocytes it absorbed the histamine 
but was opsonized only to a minor extent. The chief effect of hista- 
mine appeared therefore to be on the leucocytes. 

G. Various drugs. The effect of drugs on phagocytosis has received 
scanty attention in recent years. Tunnicliff (55) studied the effect of 
several preparations, including neosalvarsan, after intravenous injec- 
tion and also when added to the phagocytic mixture in vitro. The 
literature has been reviewed by Fleischmann (12). 

H. Sugars. Several Italian (71, 72, 73) and Japanese (74, 75) in- 
vestigators have recently studied the effect of various sugars on phago- 
cytosis, but no general conclusions can be drawn at the present time. 
Tunnicliff (55) reported that dextrose both on intravenous injection and 
when added to a phagocytic mixture in vitro is capable of increasing 
the phagocytic index. 
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I. Lipoids. For a number of reasons, especially because of their 
presence in cell surfaces, it would be of interest to know what réle in 
phagocytosis is played by cholesterol and lecithin. A number of work- 
ers concerned themselves with this problem in the second decade of the 
century, but came to conflicting conclusions. Their work was analyzed 
by Ouweleen in a penetrating critique (52) and various experimental 
errors were pointed out, especially the failure to keep constant the os- 
motic pressure of the solution, while the likelihood of impurities in com- 
mercial cholesterol and lecithin was obviously a probable source of error. 
In a word, Ouweleen concluded apparently with considerable justifica- 
tion that the earlier work was unreliable. 

He then set out with Hamburger’s method to determine the effect 
of these substances on the phagocytosis of carbon and starch by horse 
leucocytes. With lecithin he never found phagocytosis increased; ac- 
cording to experimental conditions, lecithin either depressed ingestion 
or had no effect. In the presence of serum, changes in concentration of 
lecithin caused phagocytosis of starch to pass through maxima and 
minima in a surprising fashion; Ouweleen sought to account for this on 
the basis of chemical impurities. With cholesterol Ouweleen failed to 
obtain consistent results. The absence of more definite information on 
this subject is regrettable. 

‘J. Endocrines. The relation of the thyroid gland and other endo- 
crines to the opsonic power of the serum and the phagocytic power of 
the leucocytes was studied by Marbé (76) and others (for the early 
literature Fleischmann’s review (12) may be consulted); this work was 
confirmed and its scope extended by more modern methods in Asher’s 
laboratory at Bern. 

Asher (77) and his co-workers, Furuya (78), Masuno (79) and Abe (80) 
showed that removal of certain organs of internal secretion from the 
rabbit resulted in decreased phagocytosis in vitro. The severest de- 
pression in phagocytosis was produced by removal of the thyroid gland, 
then, in order of decreasing severity, spleen, ovary and testicle. Extir- 
pation of these organs appeared to affect both the leucocytes and the 
serum of the animal, since the leucocytes from thyroidectomized ani- 
mals even in normal serum phagocytized poorly, while the serum of 
animals operated upon depressed phagocytosis by leucocytes of normal 
animals. 

These results were confirmed by Abe in later experiments (81), using 
the more exact method of Fenn (28). Exudative leucocytes were ob- 
tained from rabbits previously deprived of the thyroid gland or other 
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organ. With these cells Abe studied the rate of phagocytosis of quartz 
particles suspended in buffered salt solution and normal rabbit serum. 
Samples were removed at half hour intervals and the number of unin- 
gested quartz particles counted. Under such conditions Fenn had found 
that the rate of ingestion of particles was proportional to the number of 
particles still uningested, or, 


1 
K= log 


where A is the total number of particles and z is the number ingested in 
the time, ¢. Values of the velocity constant, K, have been calculated by 
the present writers from Abe’s data, with the following results. 

In 4 normal rabbits the value of K (multiplied by 10,000) ranged be- 
tween 34 and 60. In contrast to this four animals deprived of the thy- 
roid gland yielded values of K from 12 to 25. Intermediate values of K 
were obtained from four rabbits deprived of the spleen, from 25 to 37. 
In four animals deprived of the ovaries, K ranged from 28 to 48 and in 
three animals deprived of the testicles, from 37 to 43. 

These figures show a significant loss of phagocytic power of leuco- 
cytes from thyroidectomized rabbits, and to a less extent, from splenec- 
tomized rabbits. The effect of removal of ovaries is of doubtful 
significance, while no definite effect on phagocytosis resulted in these 
experiments from removal of testicles. 

It is evident that decreased power of phagocytosis in these experi- 
ments is due to change in the leucocytes, since before phagocytosis they 
were washed and suspended in serum of a normal animal. 

While there may be considerable doubt as to whether the depressing 
effects of removing the spleen, ovary or testicle are due to the loss of the 
specific gland or to the operative procedure, there is in the case of the 
thyroid gland considerable evidence that the loss of the specific internal 
secretion is at fault. Thus Furuya (78) increased phagocytosis in a 
thyroidectomized rabbit by feeding thyroid extract, and Fleischmann 
(82), by intravenous injection of thyroxin. 

Fleischmann added thyroid extract to suspensions of carbon and of 
exudative rabbit leucocytes. The addition of this extract had no effect 
on phagocytosis by cells of normal animals, but slightly increased in- 
gestion by cells of thyroidectomized animals. Thus 11 per cent of 
leucocytes of thyroidectomized rabbits phagocytized without thyroid 
extract, 15 per cent with the extract. Corresponding figures for nor- 
mal rabbits were 26 and 26 respectively. 
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Fleischmann also reported that he had been able fully to restore nor- 
mal phagocytic function to the leucocytes of a thyroidectomized rabbit 
by implanting the thyroid of another animal. When he subsequently 
removed the implant, the phagocytic power was again depressed. 

Bierstein and Rabinovitsch (83), after removing the thyroid, thymus 
or testicles from rabbits, measured the phagocytic power of their leuco- 
cytes in normal serum. The percentage of cells phagocytizing was, in 
the case of normal animals, 31 to 41; animals deprived of thymus, 25.5 
to 29.0; animals deprived of thyroid 15 to 25; animals deprived of testi- 
cles, 14 to 22. These effects lasted at least several months. 

Leinati (84) reported that removal of one testicle from a dog results 
in a temporary, of both testicles, in a permanent lowering of the phago- 
cytic index. 

Parathyroidectomy was reported by Morgulis and Schatzillo (85) to 
reduce phagocytosis. 

Adrenalectomy in rabbits was reported by Fleischmann (82) not to 
affect phagocytosis, whereas in cats Blanchard (86) found a severe pro- 
gressive fall in the power of the blood serum to promote phagocytosis. 
Double nephrectomy in cats, used as a control operation, did not affect 
the opsonic index. 

Insulin, according to Bayer and Form (87), when added to suspensions 
of washed horse leucocytes, increased their phagocytosis of carbon. 

K. Irradiation. The beneficial effect which ultraviolet rays were 
found to exert on the course of certain infections raised the question 
whether the curative properties of irradiation were due to increased 
phagocytosis. This question was investigated by a number of Italian 
workers. 

Sireci (88) found that when he irradiated guinea pig’s blood for differ- 
ent lengths of time and then mixed it with typhoid bacilli, reduction in 
the phagocytic index occurred after irradiation for 45 minutes or longer. 
As compared with controls, phagocytosis after 45 minutes irradiation was 
76 per cent of normal; after 60 minutes, 52 per cent; after 120 minutes, 
41 per cent. Evaporation and temperature were controlled. 

In order to find out whether this deleterious effect was exerted on 
serum or leucocytes, Sireci first exposed serum alone to ultraviolet rays, 
but found no effect on its opsonic power. He then irradiated leucocytes 
- in salt solution, and found progressive decline in their phagocytic power. 
After 30 minutes’ exposure, phagocytosis was 85 per cent of the controls; 
after 45 minutes, 70 per cent; after 60 minutes, 74 per cent; and after 
120 minutes, 57 per cent. This result seemed to show that the effect of 
irradiation was exerted on the leucocytes rather than on the serum. 
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It remained then to test the effect of irradiating the bacteria before 
phagocytosis. The results were striking. Irradiation for 30 minutes 
or more increased subsequent phagocytosis about 10 times. Ciancio 
(89) and Azzi (90) obtained similar results by irradiating staphylococci. 
These results are in fairly good accord with those of other investigators. 
However, Irala (91) reported some increase in phagocytosis after irra- 
diating defibrinated blood a short time, though a decrease after longer 
irradiation. Fleischmann, using Hamburger’s method, confirmed the 
harmful action of prolonged ultraviolet radiation on the leucocytes. 
Rabbit or horse leucocytes were irradiated in salt solution and were 
subsequently allowed to phagocytize carbon particles. Fleischmann 
(92) found no dose of ultraviolet rays which stimulated leucocytes to 
increased phagocytosis; on the contrary, too large doses led to death of 
cells and loss of power to ingest. 

The effect of ultraviolet irradiation on the opsonic power of serum 
has been reinvestigated recently by Blanchard (93), who, in contrast 
with Sireci (88), found progressive loss. Using exudative cat leucocytes 
and collodion particles he found that previous irradiation of serum for 
10 minutes approximately halved its opsonic power, while irradiation 
for 30 minutes practically abolished it: the percentage of cells phago- 
cytizing was then almost as low as if serum were omitted altogether. 

Similar effects were obtained by irradiating serum with x-rays. 
The author thought it likely that in both cases irradiation tended to 
destroy the opsonic activity by altering the serum proteins. 

Alpha rays of radium, but not beta or gamma rays, were reported by 
Chambers and Russ (94) to lower the opsonic power of serum. In con- 
trast to these reports Goto (95) detected no effect of x-raying either 
serum or leucocytes. 

That somewhat conflicting results should have been obtained by these 
several investigators on the effect of irradiation is not surprising, in view 
of the differences in radiation used, in dosage and of pitfalls such as 
variations in temperature, as emphasized by Fleischmann (92). That 
irradiation of bacteria may prepare them for phagocytosis has prob- 
ably been established; possibly this may be connected with death of the 
bacteria. But aside from such effects on bacteria it does not ap- 
pear established that irradiation in vitro stimulates phagocytosis. 
Stimulating effects on phagocytosis obtained by irradiating whole ani- 
mals, as reported by Azzi (96) and Goto (95), may depend on circula- 
tory or other changes too complicated for present analysis. According 
to Pincussen (97) ultraviolet irradiation of guinea pigs does not affect 
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phagocytosis providing that rays are excluded that raise body tem- 
perature. 


Further information on the effect of irradiation on leucocytes may 
be found in Fleischmann’s review (12). 

L. Bacteriophage. The phagocytosis-promoting property of bacterio- 
phage was discovered by d’Herelle himself (98). The importance of 
this observation is even today not sufficiently recognized. Attention 
has naturally been directed chiefly to the lytic property of bacterio- 
phage, yet, as suggested by Smith (99), its power of promoting phagocy- 
tosis may be of greater importance in combatting infection. 

Bacteriophage promoted phagocytosis of bacteria susceptible to ly- 
sis, but not of resistant strains (d’Herelle). Thus a parallelism exists 
between lysis and opsonization (Weiss and Arnold, 100). Experiments 
reported by Nelson (101) will illustrate this point. 

With a phagocytic system of rabbit leucocytes, staphylococci and 
NaCl solution, Nelson found a phagocytic index of 0.3 with a susceptible 
strain of staphylococcus (mean values of the index have been calculated 
by the present writers). With addition of bacteriophage the index rose 
to 2.7. With a resistant strain of staphylococcus there was little effect: 
without bacteriophage, 0.4, with bacteriophage, 0.7. Similar results 
were obtained in the presence of serum. Nelson found that heat de- 
stroyed the opsonic power of bacteriophage. Opsonization by bacterio- 
phage is specific (d’Herelle). A given bacteriophage increases phagocy- 
tosis of corresponding bacteria, not of another species of bacteria (or 
only slightly). 

An experiment by Gerards (102) illustrates this. With rabbit leu- 
cocytes, 20 per cent of the cells ingested Shiga bacilli in absence of bac- 
teriophage, 63 per cent in presence of Shiga bacteriophage and only 24 
per cent in presence of staphylococcus bacteriophage. Conversely the 
percentage of cells phagocytizing staphylococci was, with staphylococcus 
bacteriophage, 71; with Shiga bacteriophage, 23. 

The specific character of these effects makes it evident that the opson- 
izing body in these experiments is either the lytic principle itself, or, 
much more probably, specific products of bacterial lysis. 

Specificity in the effect of bacteriophage was demonstrated also by 
injecting rabbits intravenously with bacteriophage and testing the phag- 
ocytic power of leucocytes from the same animals a number of days 
later (Gerards). Thus of leucocytes obtained 7 days after injection of 
staphylococcus bacteriophage, 61 per cent ingested staphylococci, but 
only 22 per cent ingested Shiga bacilli. Conversely of leucocytes ob- 
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tained from animals injected with Shiga bacteriophage, 70 per cent 
phagocytized Shiga bacilli but only 20 per cent ingested staphylococci. 

An approach to understanding the mechanism of opsonization by bac- 
teriophage is afforded by finding out whether bacteriophage exerts its 
effect on bacteria, on leucocytes, or whether it is bound to some constit- 
uent of the serum. The answer seems obvious, that bacteriophage 
acts on bacteria, preparing them for phagocytosis. This answer is cor- 
rect as far as it goes, but it is apparently not a complete answer, as will 
be seen shortly. 

The experiments of G. H. Smith (99) were designed to show what 
effect phage has on bacteria in preparing them for phagocytosis. To this 
end, bacteria (susceptible and resistant strains of staphylococci) were 
exposed for different lengths of time to phage and then washed; they 
were then mixed with human leucocytes suspended in NaCl solution and 
incubated 15 minutes at 40°C. 

It was found that the phagocytic index varied with the length of ex- 
posure to phage. Thus with susceptible bacteria exposed 4 hour, the 
phagocytic index was 4.5; increasing values were obtained with longer 
exposure, reaching 32.5 after 6 hours’ exposure to phage. 

The resistant strain, on the contrary, showed no similar effect of 
phage, the phagocytic index varying between 2.0 and 1.6 for different 
lengths of exposure. 

It was further found that while phage was progressively removed from 
the suspending medium by susceptible bacteria, this was not done (at 
least in these experiments) by resistant organisms. 

Phage continued its activity in preparing bacteria for ingestion even 
after bacteria were washed and resuspended in salt solution. Thus 
susceptible bacteria exposed to phage for } hour, washed and at once 
mixed with leucocytes, yielded an index of 1.7; but if after washing they 
were allowed to stand for 3? hours before leucocytes were added, the 
index rose to 6.4. However, much greater phagocytosis resulted if 
bacteria were exposed to phage for the full 4 hours before washing; the 
index was then 24.6. 

Killing bacteria by heat (100°C. for 30 min.) after exposure to phage 
somewhat reduced the phagocytic index. Thus in one experiment, 
susceptible staphylococci were exposed to phage for 3 hours and killed 
by heat; the index was 10.4; with those not killed, 16.0. But bacteria 
killed by heat before exposure to phage gave an index of only 1.6. - 

From these experiments it is concluded that phage increases phagocy- 
tosis by being adsorbed by susceptible bacteria, bringing about in them 
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progressive changes which render them more and more easily phagocy- 
tized. 

In contrast to Smith’s experiments which were designed to show the 
effect of bacteriophage on bacteria, Nelson (101) devised experiments 
to show whether leucocytes were prepared by bacteriophage to phagocy- 
tize bacteria. 

He injected staphylococcus phage intravenously into rabbits and ob- 
tained leucocytes from these rabbits at intervals thereafter. The leu- 
cocytes were washed and the opsonic index determined in serum of a 
normal rabbit with a susceptible strain of staphylococcus. Two hours 
after injection the opsonic index in one rabbit had risen from 1.1 to 6.7. 
In a control experiment with a resistant strain of staphylococcus the 
rise in the opsonic index was only from 1.3 to 1.7. 

Thus bacteriophage appears to act directly on leucocytes as well as 
on bacteria. That leucocytes actually absorb bacteriophage from the 
solution was shown by Bruynoghe and Maisin (103), who found that 
the concentration of bacteriophage in a solution is greatly reduced by 
adding leucocytes to the solution. Whether the cell is permeable to 
bacteriophage or whether the latter is adsorbed on the surface appears 
uncertain. 

Phagocytosis-promoting substances are also present in the serum of 
previously injected animals, according to Gerards (102). Seven days 
after injection of Shiga bacteriophage, serum from this animal with 
leucocytes from a normal rabbit brought about phagocytosis of Shiga 
bacilli by 34 per cent of the cells, while only 21 per cent ingested staphy- 
lococci. In the same way, with serum from an animal injected with 
staphylococcus phage, 32 per cent of cells ingested staphylococci but 
only 22 per cent ingested Shiga bacilli. This may have been an ordi- 
nary antibody response to the injected bacterial antigen. However, 
Nelson found the opsonic power of serum from injected animals scarcely 
to be increased. 

In summary, bacteriophage is specifically adsorbed on susceptible 
bacteria and there effects progressive changes which make the bacteria 
more susceptible to phagocytosis. The nature of these changes is un- 
known. There is considerable evidence to suggest that bacteriophage 
may also affect leucocytes in such a way as to give them an enhanced 
capacity for the phagocytosis of homologous bacteria. Study of the 
physical-chemical attributes of the leucocytic and bacterial surfaces in 
relation to these phenomena is greatly to be desired. 

M. Nutritional states. The functioning of phagocytes and the serum 
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phagocytosis-promoting substances in various nutritional states, par- 
ticularly those conditioned by diets optimal and suboptimal with respect 
to the several vitamins, offers a promising but unexplored field of in- 
vestigation. 

4. THE MECHANISM OF PHAGOCYTosIS. A. The relationship of sur- 
face properties to phagocytosis. Ions falling into lyotropic series, nar- 
cotics and bacteriophage, among the environmental factors influencing 
phagocytosis, have been found to be conspicuous for their pronounced 
effects. ‘There is indication that each of these factors also exerts pro- 
nounced effects upon surfaces. 

The most effective and the most biologically important of all known 
phagocytosis-promoting substances are the components of normal 
and immune sera known, respectively, as opsonins and tropins.? 
These substances are known to affect primarily the particle to be phag- 
ocytized in such a way as to favor ingestion. The experiments of the 
present writers have shown that the effects of opsonins and tropins upon 
the particles and the correlated increase in phagocytosis are both due to 
the deposition of serum proteins upon the particle surface. The proper- 
ties of this serum-protein deposit are such as to make the relationships 
in the interface between particle and phagocyte and particle and sus- 
pending medium favorable for the spreading of the phagocyte over the 
particle. Some of the evidence upon which these conclusions are based 
may now be considered. 

The experimental procedure followed has been primarily a correlated 
study of the surface properties and the phagocytosis of bacteria, eryth- 
rocytes or collodion particles acted upon by serial dilutions of normal 
or immune serum (27). Several methods of studying surface properties 
were used. These were: 1, agglutination; 2, a modified agglutination 
(“resuspension’”’) reaction which gives a roughly quantitative estimate 
of the cohesiveness of the test particles; 3, the interfacial technique; the 
wetting properties of acid-fast bacteria and erythrocytes in an oil-water 
interface were determined before and after serum sensitization; 4, cata- 
phoresis; either the cataphoretic velocities under given conditions or the 
isoelectric points of the test particles were determined. The agglutina- 
tion and resuspension reactions, cataphoresis, and the interfacial tech- 
nique, respectively, afford three independent means of following the pro- 
gressive alteration of the test particle surfaces due to deposition of serum 
proteins from the serial concentrations of sensitizing serum. With simi- 


2 A critical discussion of the terminology applied to the phagocytosis-promot- 
ing substances of sera is to be found in the recent study of Ward and Enders (104). 
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lar serum and test particle mixtures, phagocytosis was studied by adding 

leucocytes and rotating on a Robertson agitator. The percentage of . 
leucocytes which had ingested particles under the given conditions was . 
determined by direct count on stained smears. | ; 
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Fig. 1. Parallelism between surface changes and phagocytosis after sensitiza- 
tion with immune serum and its globulin fractions. Abscissae are successive dilu- 
tions of antiserum or serum fraction in powers of four. (Thus 3 is a dilution of 
1:43, or 1:64.) M. avium and homologous antiserum. The antigen was sensi- — 
tized and washed, then exposed to phagocytosis. 


The correlation between surface alteration and increased phagocytosis 
was first determined for acid-fast bacteria sensitized with rabbit anti- 
sera. Immune sera even in high dilution were found to alter the sur- 
face properties and promote the phagocytosis of homologous bacteria 
(105). With serial dilution of the serum, surface and phagocytosis- 
promoting effects fell off in parallel fashion (fig. 1). Immune sera acting 
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upon heterologous acid-fast bacteria were quantitatively less effective 
than upon homologous bacteria, and effectiveness in altering surface 
properties was again found to correspond to effectiveness in promoting 
phagocytosis. Fresh normal rabbit sera altered surface properties and 
promoted phagocytosis only in low dilutions; again quantitative 
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Fig. 2. The course of active immunization of a rabbit with turtle bacillus. 
Titers of the several reactions are plotted against time in weeks. Time of intra- 
venous injections of living antigens is indicated by arrows. Note the parallelism 
between phagocytosis and bacterial surface changes. 
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correspondence between surface and phagocytosis-promoting effects 
was found.® 

Sera were titrated for surface and phagocytosis-promoting effects dur- 
ing the course of active immunization of rabbits with several strains of 
acid-fast bacteria (27). The titers of the rabbit sera for altering the 
bacterial surfaces and for increasing phagocytosis increased together 
during the course of immunization, fell off in each case when injections 
were suspended, and increased together on reinjection of the immuniz- 
ing bacteria (fig. 2). 

In other experiments the sera of rabbits were titrated during the course 
of a primary tuberculous infection and during the course of tuberculous 
reinfection (106). The antibody response of the reinfected animals was 
found to be both accelerated and increased in amount as compared to the 
response during a first infection. In both primary infection and reinfec- 
tion parallelism between surface and phagocytosis-promoting effects was 
found. 

Immune sera were next fractionated (107) and the surface and phago- 
cytosis-promoting effects were determined separately for the whole 
serum, euglobulin, pseudoglobulin and albumin fractions (fig. 1). The 
specific substances causing the characteristic surface modifications and 
increasing phagocytosis were found to correspond in distribution; thus 
with acid-fast bacteria the order of effectiveness in altering surface 
properties, in agglutination and in promoting phagocytosis was whole 
serum > euglobulin > pseudoglobulin > albumin. Heating the sera 
to 56°C. for 30 minutes had little influence upon either surface or tropin 
effects. Washing the antigen after sensitization with homologous im- 
mune serum or its globulin fractions had equally little effect upon either 
surface or tropin action. 

Finally tests were made upon artificial surfaces (108) built up accord- 
ing to the technique of F. S. Jones. Horse serum, human serum or 
crystalline egg albumin were adsorbed on the surface of collodion par- 
ticles. Rabbit precipitin sera homologous with the several proteins 
caused characteristic surface alterations and promoted the phagocytosis 
of these protein-treated collodion particles. Once more the substances 


’ Certain artificial conditions were found in which surface alterations and 
phagocytosis did not correspond (105). When acid-fast bacteria were sensitized 
with heated normal sera, with high concentrations of aged immune sera or with 
human sera, surface alterations could be detected but phagocytosis by rabbit 
leucocytes did not occur in corresponding degree. The spreading requirements of 
leucocytes are thus more selective than the physical-chemical tests used. 
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causing surface and phagocytosis-promoting effects showed similar sero- 
logical specificity, were little affected by heating of the sera or washing 
of the sensitized particles, and showed similar distribution in the globu- 
lin fractions of the immune sera. 

The antigens used in these and subsequent studies were, before sensi- 
tization, extremely diverse with respect to their surface properties. On 
sensitization with homologous immune sera these surface properties 
converged to within a relatively narrow zone (108, 109, 110). Thus 
maximally sensitized acid-fast bacteria, sheep erythrocytes and protein- 
treated collodion particles all formed aggregates characterized by co- 


TABLE 1 


Acid-fast bacteria + homologous antisera or their globu- 


lin fractions, result in 


altered surface* 
phagocytosis 


Protein-treated collodion particles + homologous antisera 


or their globulin fractions, result in ageretenensen 


altered surface* 
phagocytosis 
Protein solutions + homologous antisera or their globulin {immune precipitate* 
fractions, result in 


altered surface* 
Sheep erythrocytes + homologous antisera, result in agglutination 
phagocytosis 


* Properties of altered surface and of immune precipitate: 
1. Cohesion high. 
2. Wetting properties characteristic of protein. 
3. Isoelectric point at pH 5.5 to 5.8. 


hesiveness, wetting properties typical of protein, and isoelectric points 
at pH = 5.5 to 5.8,‘ as set forth in table 1. These properties approxi- 
mate those of denatured serum globulin. 

The data briefly reviewed above, taken together with many other 
considerations cited in the original papers, lead to the conclusion that 
specific precipitation, agglutination, and the surface and phagocytosis- 
promoting effects of serum sensitization are all consequences of one 
underlying phenomenon. This phenomenon is the specific chemical 
combination with and deposit on the surface of the antigen of antibody 
protein. As a consequence of the properties of this surface deposit leu- 


‘ Another type of antigen when maximally sensitized has its isoelectric points 
in a more acid range (111). 
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cocytes can spread upon and ingest the antigen. The sensitizing anti- 
bodies are contained in the globulin fractions of immune sera and appear 
to be globulins with physico-chemical differences from normal serum 
globulins (108). 

The elegance of this mechanism from the point of view of adaptation 
to environment has recently been pointed out (110). The tissues and 
blood stream are from time to time invaded by bacteria of the most di- 
versified character. The difficulty of dealing with such dissimilar para- 
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Fig. 3. The effects on the isoelectric points of various bacteria of sensitization 
with serial dilutions of human sera. A, sensitization with homologous immune 
sera; B, sensitization with normal or heterologous sera. The scattered isoelectric 
points of the unsensitized bacteria converge to relatively narrow zones. This 


zone is higher (pH 4.9 to 5.5), after sensitization with immune sera than with 
normal sera (pH 4.35 to 5.0). 


sites finds at least partially adequate solution by the mechanism which 
makes them similar with respect to the surface properties upon which 
phagocytosis depends. This similarity is approached in the normal 
blood stream by the non-specific adsorption of serum proteins; it is more 
adequately approximated in the blood stream containing homologous 
antibodies through the specific combination of these antibodies with 
substances in the bacterial surfaces (110) (fig. 3). Upon the deposits 
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of specific and non-specific serum proteins thus formed upon the _bac- 
terial surfaces, phagocytes may spread and in consequence ingest the 
bacteria. 

The adequacy of this phagocytosis-promoting mechanism depends 
obviously upon the concentration of phagocytosis-promoting substances 
in the serum and upon their combining affinities for the components of 
the bacterial surfaces. It also depends, however, upon the intrinsic 
properties of the bacterial surfaces themselves (27). Thus certain bac- 
teria are phagocytized even in the absence of serum (31); the partial 
coating with serum proteins brought about by normal serum suffices 
to cause the phagocytosis of others; whereas certain virulent and espe- 
cially encapsulated organisms are phagocytized only after interaction 
with specific immune serum (104). 

A more detailed presentation of the chemical aspects of antigen- 
antibody reactions may be found in the recent monograph by Mar- 
rack. (11lla) 

B. Electrokinetic potential and surface charge. The correlations cited 
above between surface properties and phagocytosis obviously result from 
the fact that both surface and phagocytosis-promoting effects are results 
of acommon factor, namely, the deposit of serum proteins upon the test 
particles. The question naturally arises, however, as to whether any 
more general relationship has been demonstrated between the surface 
properties of particles and the capacity of phagocytes to spread over 
and ingest them. This question has been raised especially with refer- 
ence to the surface electrical properties of particles. It is not to be 
anticipated that surface potential difference’ would have the same criti- 
cal importance in phagocytosis as, for instance, in phenomena of aggre- 
gation of hydrophobic colloids.. One reason for this is that the oppor- 
tunities for collision of colloid particles are ordinarily afforded by forces 
of a low order, namely, Brownian motion, whereas the contacts of leuco- 
cyte and particle are afforded either by mechanical agitation, or by the 
locomotion of the leucocytes. Another reason is that the zeta-poten- 
tials of leucocytes are relatively low; Abramson gives for horse polymor- 
phonuclear leucocytes in serum the value of approximately 12.5 milli- 
volts (112). 

The attempt to determine from experimental data the effect of 
zeta-potential on phagocytosis is rendered difficult by the fact that 
the conditions which have modified the zeta-potentials have often 


5 The terms ‘‘surface potential difference,’ “electrokinetic potential’ and 
“‘zeta-potential’’ (113) are used interchangeably in this review. 


PHAGOCYTOSIS 241 


simultaneously modified also the interfacial free energies, upon which 
phagocytosis is more directly dependent. Cases in point are the promo- 
tion of phagocytosis by treatment of bacteria with tannin (114), or with 
serum. Moreover, influences which have been attributed to the direct 
etfects of ions on phagocyte or particle have often not taken into account 
the effects of such ions on the adsorption of serum proteins on the 
bacteria. 

One interesting set of experiments in which such disturbing effects 
seem to have been reduced to a minimum is that of Neufeld and Etinger- 
Tulezynska (115). In these, leucocytes washed and resuspended in 
isotonic NaCl solution were used. The bacteria were grown on solid 
media, and were washed and resuspended in distilled water. To these 
suspensions dilute electrolyte solutions were added. Solutions of salts 
of polyvalent cations in certain ranges of concentrations both aggluti- 
nated and caused phagocytosis of a strain of virulent pneumococci and of 
a typhoid bacillus. The minimal concentrations able to bring about 
agglutination and phagocytosis were approximately the following: 
Th(SO,)2, N/2000; “aluminum alum,” 1:5000; 
N/2000; AICI; -6H20, N/1000; N/2000; Fe2(SO,)s 
-9H,O, N/500; Cr2(SOx)s, N/500; CeCl;, N/1000; Pb(NOs)2, N/2000. 
Didivalent salts were not found to be effective. Although zeta-poten- 
tials were not determined, these experiments were interpreted as being 
due to reduction of electrokinetic potentials by these salts. 

Treatment with tannin under appropriate conditions agglutinates 
(116) and promotes the phagocytosis of bacteria and erythrocytes 
(114, 117). Tannin has likewise been shown (118) to form a surface 
deposit the cohesiveness and salt-sensitivity of which resembles the 
sensitizing antibody film; in electrical properties, however, the tannin 
and antibody deposits differ widely. 

In the parallel determinations of zeta-potential and phagocytosis of 
acid-fast bacteria cited above it was found that in general the highest 
zeta-potential and the least phagocytosis occurred in the pure NaCl 
solution, and conversely the lowest zeta-potential and the greatest 
phagocytosis occurred after treatment with the highest concentrations 
of serum. However the opposite relation between zeta-potential and 
phagocytosis is illustrated in experiments with certain typhoid bacilli. 
These bacteria (in their ‘“‘smooth’’ form) have only a minimal zeta- 
potential (119); in the presence of homologous immune serum they 
acquire a negative zeta-potential. Yet immune serum greatly pro- 
motes phagocytosis. As has already been pointed out, we believe these 
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correlations, both direct and inverse, between zeta-potential and phago- 
cytosis to be accidental and dependent upon the fact that sensitization 
involves the deposition of a film of antibody-globulin on the bacterial 
surface, so that the bacterial surface potential, if initially high may be 
lowered, if initially low may be raised by the serum sensitization. 

That zeta-potential is not the decisive factor in determining phagocy- 
tosis appears also when we consider different acid-fast bacteria in NaCl 
solution, and attempt to correlate their zeta-potential and ingestion. 
No correlation isfound. Thus in absence of serum, virulent mammalian 
tubercle bacilli were freely phagocytized (31) although they had rela- 
tively high zeta-potentials, whereas M. avium (Prague strain), with 
a relatively low zeta-potential, was not spontaneously phagocytized 
(27). Other bacteria might be selected to show the opposite relation; 
for instance, smooth pneumococci of types I, II or III have ordinarily 
higher zeta-potentials (120) and are less phagocytized than their rough 
derivatives. 

The subject of the influence of surface charge (not to be confused 
with zeta-potential of which it is a complex function (121, 122)) on the 
phagocytosis of a particle has been treated by Ponder (123), who has 
elaborated Gyemandt’s equations for the effect of surface tension and 
charge on the contact of two like particles, to cover the case of the in- 
gestion of a particle by a cell. The results are exceedingly complicated, 
and the equations are experimentally unverifiable, but three interesting 
conclusions are arrived at: 

1. Only large surface charges at the cell-fluid and particle-fluid inter- 
faces can influence the ingestion. Very large charges at these inter- 
faces will prevent ingestion. 

2. If a very large charge occurs at the cell-particle interface ingestion 
may be prevented. 

3. The effects on ingestion of the charges at these three interfaces 
vary with the radius of the cell, the radius of the particle, and the sur- 
face tension at the interfaces, in such a complex way that the effects of 
surface charge on phagocytosis is probably comparatively small. 

C. Formulation of the mechanism of phagocytosis. Explanation of the 
relation of surface forces to phagocytosis and formulation of the essen- 
tial mechanism of phagocytosis have been derived, historically, from 
study of the ingestion of food by protozoa. Rhumbler (124) recognized 
four methods of food-intake in amoebae: 

1. “Import.’”’ The food particle comes into contact with the surface 
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of the amoeba and sinks into the protoplasm without the amoeba ex- 
hibiting any noteworthy movement. 

2. “Umfliessung,” or ‘Circumfluenz.”” The particle touches the 
amoeba surface and the protoplasm flows around the particle in immedi- 
ate contact with its surface. 

3. “Einfangen der Nahrungskorper,’’ or “Circumvallation.’’ The 
protoplasm of the amoeba sends out pseudopods which surround the 
food particle without coming into immediate contact with it. 

4. “Invagination.””’ The food particle is grasped by the skin-like 
and sticky surface layer and the ectoplasm which has enclosed the 
particle is invaginated into the interior of the amoeba. 

5 Phagocytosis by mammalian phagocytes 

4! occurs by the first and second processes. The 
taking up of fluid by macrophages in a 
manner reminiscent of “circumvallation” has 
been observed by W. H. Lewis (125) under 
the term ‘“‘pinocytosis.’’ Ingestion by “‘in- 
vagination”’ has no known parallel in mam- 
malian phagocytosis. 

Rhumbler illuminated all of these processes 
by imitating them with beautiful physical. 
models. Rhumbler attributed “Import” and 
“Circumfluenz”’ essentially to molecular at- 
tractions at interfaces and attempted their 

Fig. 4 formulation in these terms (126, 127). 

Rhumbler’s formulation was criticized as 
incomplete by Tait (128), who reformulated the mechanism of phago- 
cytosis in terms of surface tensions. Tait’s formulation was in turn 
criticized and improved upon by Fenn (130). Fenn was the first to 
show that the same formulation of the interplay of surface forces in 
phagocytosis may be reached from considerations of surface tension or 
of free surface energy. We shall use the former as simpler. Let 
figure 4 be a section through suspending medium, phagocyte and par- 
tially ingested particle. Let O be a representative point in the line of 


6 Tait in the same article suggested capillary forces as affording a possible 
explanation of some phenomena not yet analyzed. It is unfortunate that certain 
cases cited by Tait, for instance thigmotaxis in protozoa and the entrance of the 
sperm into the ovum, have not been better investigated from this point of view. 
For a modern discussion of surface tension phenomena in cells the reader is re- 
ferred also to Spek (129). 
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contact between the three phases; let the vectors S;, S2 and Siz be 
the interfacial tensions, respectively, in the particle-fluid, phagocyte- 
fluid, and phagocyte-particle interfaces. 

If S; > Si2 + Se the surface of the phagocyte would be drawn com- 
pletely around the particle and ingestion would occur, provided viscos- 
ity, or other forces, did not interfere with the action of the surface forces. 
If Sip > S; + S: neither ingestion nor adhesion of particle and phago- 
cyte would occur under the action of surface forces. When S; < Sj. 
+ S:and Si2 < S; + Se, the surface forces are in equilibrium with the 
particle in a position of partial ingestion, as shown in the figure; the 
position taken by the particle at equilibrium is such that S; = Si. + 
S2: cos 0, or 


Si — Si 
S, 


cos @ = 


These three main possibilities have been expressed by Ponder (135) 
in terms of the value of (S; — S12)/S2 as follows: 

(Si — Sy)/S> is less than or equal to (—1). The cells will not ingest 
the particle under these circumstances, for the particle will either stay 
in equilibrium at the cell surface, or, if its physical nature permits, will 
flow over the cell. 

(S; — Si2)/S2 is greater than (—1) and less than(+1). In this case 
there will be a real value of 6, and there will be equilibrium at incomplete 
ingestion, i.e., when the particle is only partly inside the cell. 

(Si — Si2)/S2 is equal to or greater than (+1). In this case, given 
sufficient time, the cell will completely ingest the particle. 

It follows immediately from the above considerations that the prob- 
ability of phagocytosis is favored by increase in the value of the par- 
ticle-suspending medium interfacial tension (S,), and by decrease in the 
particle-phagocyte interfacial tension (Siz). Phagocytosis in the body 
is promoted by the deposition on the particle surface of specific and 
non-specific serum proteins, and such serum sensitization is also the 
most reliable and powerful means yet discovered of promoting phagocy- 
tosis in vitro. The action of sensitizing serum in forming on bacteria 
a surface deposit of serum-globulin is to give them surfaces presumably 
with high interfacial tension against the medium (as evidenced by the 
relatively hydrophobic aggregation behavior of sensitized bacteria) 
(118), and presumably with low interfacial tension against the leucocyte. 

Unfortunately none of the tensions in the three interfaces between 
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phagocyte, particle and suspending medium can be measured directly. 
In the case of the eggs of certain marine invertebrates Cole (131) and 
Harvey (132) have been able by independent methods to assign an upper 
limit, which is of the order of 0.1 to 1.0 dyne per centimeter, to the pro- 
toplasm-suspending medium interfacial tension. To regard these values 
as affording more than a suggestive analogy with the phagocyte-plasma 
interface would, of course, be unwarranted. Direct observation of 
mammalian phagocytes, however, leads independently to the conclusion 
that the tension at the protoplasm-suspending medium interface must 
be of a low order. Thus the surfaces of leucocytes in contact with a 
solid are highly mobile; mononuclear phagocytes often project into the 
medium and retract delicate veil-like pseudopods; polymorphonuclear 
leucocytes in their locomotion often leave long thread-like processes 
attached to the surface over which they are moving, and these processes 
may pull loose and be retracted into the cell. The even more elaborate 
development of ‘“‘pseudopodes pétaloides”’ in the amoebocytes of inverte- 
brates has been described by Fauré-Fremiet (133).’ 

D. Experimental analysts and direct observation of phagocytosis. It 
remains to consider how far the formulation of phagocytosis as prima- 
rily determined by interfacial tension relations at the particle-cell-liquid 
interfaces has been verified by experimental analysis and by direct ob- 
-Servation. Three deductions may be examined. These are (1) that a 
quantitative correlation should exist between phagocytosis and the 
surface properties of the particles ingested; (2) that phagocytosis is 
essentially a phenomenon of spreading of the phagocyte surface over 
the surface ingested; and (3) that partial ingestion should occur under 
certain circumstances. These three deductions will be discussed in 
sections E, F and G below. 

E. Correlation between phagocytosis and surface properties. The first 
obvious deduction from a:theory which assigns to surface forces a prin- 
cipal part in phagocytosis is that phagocytosis should be related, in 
some orderly way, with the surface properties of the particles phagocy- 
tized. This relation has been verified over a very considerable range of 
experimental conditions, as has been shown in section 4 A above. 

F. Phagocytosis a phenomenon of spreading. It follows both from the 
mathematica] formulation of Fenn (130) and Ponder (123, 135), and 
from the experimental analysis, that the capacity of the phagocyte to 


7 The concept of negative surface tension has recently been invoked to explain 


these surface processes of amoeboid cells. Discussion of this idea may be found 
in reference 134. 
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spread over the surface of the particle undergoing ingestion is a principal 
factor in determining phagocytosis. Is this deduction in agreement with 
the process of phagocytosis as directly observed? This question we 
have examined with especial care. Prediction and observation have 
been found to be uniformly in agreement. 

Human or rabbit phagocytes, erythrocytes or bacteria and homolo- 
gous immune serum were mixed; these preparations were observed be- 
tween slide and coverslip in a warm box and photographed (37). In 
mixing, many collisions between phagocytes and test particles are 
brought about. Additional contacts between particle and phagocytes 
may later be made by the locomotion of the latter. In the absence of 
sensitizing serum the test particles typically neither stick to one another 
nor to the phagocytes, and the particles are not ingested. In the pres- 
ence of dilute sensitizing serum, agglutination of the particles and adhe- 
sion to the phagocytes may be much in evidence with little complete 
ingestion occurring. In the presence of more concentrated sensitizing 
serum, the test particles adhere to the phagocytes and are drawn into 
their cytoplasm in great numbers. 

The test particles may be drawn into the phagocytes with compara- 
tively little distortion of the latter. Or a process composed of the hy- 
aline superficial protoplasm may flow out over the surface of the par- 
ticle undergoing phagocytosis. Or the spreading of the leucocytes over 
the sensitized particles may cause marked deformation of the leucocytes. 

The types of ingestion described of course merge into one another. 
For instance four chains of sensitized subtilis bacilli were seen arranged 
in a diamond-shaped figure with a suspended spherical macrophage in 
their center. When first observed the chains were merely tangent and 
adherent to the macrophage surface. Gradually the areas of contact 
between subtilis chains and phagocyte surface increased, the adherent 
tangents becoming ares of circles, which were slowly drawn into the 
macrophage protoplasm. The ends of the chains projected for a time 
beyond the macrophage surface, but these eventually were drawn in 
also; in several instances hyaline processes were observed to flow out 
over the projecting end of the subtilis chain as the last step in its in- 
gestion. 

For purposes of comparison between observation and deduction from 
theory the essential point is that in all instances observed the particles 
were not taken up in vacuoles of the suspending medium; on the con- 
trary the protoplasm of the phagocytes was in immediate contact with 
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the surface undergoing phagocytosis. Phagocytosis as observed, then, 
is primarily a phenomenon of surface spreading—the spreading of the 
phagocyte surface over the surface of the object undergoing ingestion. 
Prediction from theory and from experimental analysis is thus in agree- 
ment with observation on this second essential point. 

Before leaving this point, however, two possible sources of confusion 
should be mentioned. Phagocytes of the large mononuclear type al- 
ready mentioned, are able to form delicate petal-like extensions of their 
peripheral hyaline protoplasm—the ‘‘sheet-like pseudopods”’ of Smith, 
Willis, and Lewis (136), the “undulating membranes”’ of Carrel and 
Ebeling (137), the “pseudopodes pétaloides” of Fauré-Fremiet (133). 
W. H. Lewis (125) has described under the term “pinocytosis,” and 
shown in moving pictures, the engulfing of tiny vacuoles of the fluid 
medium by these processes. Should such a vacuole contain a minute 
particle it would of course be engulfed also. However, although we 
have seen the phagocytosis of a large number of bacteria and erythro- 
cytes by direct extension of the phagocyte surface over the surface of 
the particle ingested, we have never observed ingestion in a vacuole. 
Phagocytosis and pinocytosis we believe to be quite different phe- 
nomena. 

Another possible source of confusion is the fact that in stained films 
showing phagocytosis, bacteria can often be seen to lie in little vacuoles 
in the cytoplasm (136). These digestive vacuoles are seen especially 
about the bacteria which have been ingested for some minutes and have 
been moved in toward the center of the cell. These vacuoles are a phe- 
nomenon not of ingestion but of intracellular digestion. 

G. Partial ingestion. Fenn’s formulation of surface forces in phago- 
cytosis predicts that under certain conditions partial ingestion should 
occur; this is an important point of departure from the earlier formula- 
tions of Rhumbler and Tait. Fenn recognizes two conditions: 

a. The free surface energy is at a minimum when the particle is par- 
tially ingested; surface forces are therefore in equilibrium and satisfy 
the equation S; = Siz. + S2-cos 8. 

b. Surface forces would tend to bring about complete ingestion, but 
this is prevented by the resistance to deformation of the phagocyte; 
surface forces are therefore not in equilibrium but are held in check by 
viscosity. 

The second condition has certainly been realized in our experiments. 
Thus emulsion droplets of small size are readily and completely ingested 
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by the macrophages. On the larger drops the macrophages spread to 
positions determined by the balance between surface forces and their | 
own resistance to deformation.’ 

Partial ingestion with surface forces in equilibrium has also been 
demonstrated. When weakly sensitized erythrocytes are mixed with 
phagocytes partial ingestion often occurs. Such partially ingested 
cells are not completely ingested during the time they are kept under 
observation, even though this may be far longer than is required for 
complete ingestion of more strongly sensitized erythrocytes. A more 
conclusive instance is found in the experiments of Bloom (138). Pigeon 
erythrocytes were added to tissue cultures of normal rabbit lung. Num- 
bers of the erythrocytes adhered to and clustered like daisy petals about 
the macrophages, but complete ingestion was not observed for as long 
as twelve days. ‘To one set of cultures normal rabbit serum was added; 
no change occurred. To another set rabbit antipigeon-erythrocyte 
serum was added; the partially ingested erythrocytes underwent com- 
plete ingestion within a half-hour. 

The third deduction from theory, namely, the occurrence of partial 
ingestion, is thus likewise in agreement with observation. 

H. Viscosity.® L. Loeb (140) has related the amoeboid motion of 
the amoebocytes of Limulus to, “1) changes in the consistency in the 
ectoplasmic layer as well as in the granuloplasm, 2) phenomena of con- 
traction, and 3) surface tension changes.”’ Loeb in 1927 sought to carry 
over these observations and conceptions to the explanation of phagocy- 
tosis by mammalian cells, assigning a primary importance to softening 
of certain parts of the surface layer of the cell in contact with a solid 
body. 

Undoubtedly mammalian cells may undergo changes in viscosity in 
response to environmental changes (141), although such extensive stud- 


8 Incidentally it may be mentioned that such small emulsion droplets are very 
readily ingested by macrophages, but ordinarily not by polymorphonuclear leu- 
cocytes. Such a difference cannot be explained by differences in resistance to 
deformation, since the polymorphonuclears are on the average more fluid cells 
than the macrophages. This is evidently an instance in which a difference in 
the surfaces of the two types of phagocyte isa critical factor in determining phag- 
ocytosis. Another such instance was found in the quantitative phagocytosis 
studies: collodion particles are readily ingested by macrophages but not by poly- 
morphonuclear leucocytes (31). 

® The term viscosity is here applied to protoplasm without implication as to 
whether its state is that of a viscous liquid or a plastic solid (139). 
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ies as those of Loeb on amoebocytes have never been given phagocytes 
in this regard. Observation with suitable dark-field equipment reveals 
local reversible sol-gel transformations within the protoplasm of mam- 
malian phagocytes during locomotion. Whether or not such local soft- 
ening occurs in general on contact of phagocytes with foreign particles 
we do not know; in either case, however, it would not account for the 
quantitative correlation which has more recently been demonstrated 
between phagocytosis and the surface properties of the particles pha- 
gocytized. This correlation is explained in terms of interfacial tension 
relations, as has already been shown. 

The viscosity of the protoplasm is, on the other hand, a modifying 
factor in phagocytosis which, under certain conditions, may reach criti- 
cal importance. Fenn (50), for instance, found very high temperature 
coefficients for phagocytosis below 30°C. as compared with those above 
30°. He interpreted his data as indicating that below 30° the viscosity 
of the phagocytes was so high as to become the limiting factor for pha- 
gocytosis. Ponder (123) has also considered the effect of cytoplasmic 
viscosity as influencing the rate of ingestion. He has dealt with the 
case in which movements in the surrounding fluid tend to dislodge par- 
ticles which might otherwise be ingested, and has shown that either 
great cytoplasmic viscosity, or great turbulence of flow in the fluid, tends 
to prevent phagocytosis. This has since been verified experimentally 
(142). 

An average difference in viscosity between phagocytes of the large 
mononuclear and the polymorphonuclear types has been observed by 
E, R. and E. L. Clark (143), by Goss (144), and by Mudd and Mudd 
(145). The macrophages offer, on the average, more resistance to de- 
formation than the polymorphonuclears. Thus it has been shown that 
the majority of rabbit macrophages can withstand the stresses in water- 
cyclohexane or water-mineral oil interfaces, whereas the majority of 
rabbit polymorphonuclears are torn asunder in such interfaces. This 
difference in resistance to deformation is manifested in two ways in the 
process of phagocytosis. In the first place the act of ingestion is, on 
the average, more quickly accomplished by polymorphonuclears, and 
in the second the polymorphonuclears are more readily distorted to ail 
manner of bizarre shapes in spreading over the larger bodies phagocy- 
tized (37). 

I. Unformulated factors. It seems clear then that surface forces are 
a principal factor in determining ingestion, and that viscosity is an im- 


% 

a 
i 


250 STUART MUDD, MORTON MCCUTCHEON AND BALDUIN LUCKE 


portant factor in controlling its rate. It is perhaps worth emphasizing, 
however, that a complete explanation of the behavior of phagocytes is 
not afforded by these factors alone. A particle phagocytized under the 
action of surface forces does not enter a homogeneous liquid, but a 
system possessing internal organization in high degree. The process 
which has spread over the particles undergoing phagocytosis is fre- 
quently retracted. The protoplasm of the phagocytes possesses elastic 
properties. The ingested particles are commonly moved in toward the 
center of the cell. They frequently undergo rapid intracellular diges- 
tion. The formation and retraction of pseudopods appears to be the 
consequence of internal changes within the cell, as well as of the tendency 
of the cell surface to spread upon external surfaces. Reversible changes 
in viscosity, as evidenced by the appearance and disappearance of 
Brownian movement, may be seen to occur in local areas within the 
cell. 

The phagocyte, then, is a complex system delicately responsive to 
internal and external influences. Interfacial tensions and, under cer- 
tain conditions, viscosity are critical factors in determining the ingestion 
of particles with which the phagocyte has come into contact. Deduc- 
tions from the formulations of these factors by Fenn and Ponder are in 
agreement with observation and with experimental analysis. However, 
other and still unformulated forces also enter into the behavior of these 
remarkable cells. 

J. Is the phagocytic cell a constant or a variable factor in normal and 
immune states? Metchnikoff conceived phagocytes as themselves pos- 
sessing differing degrees of activity in normal and immune states of the 
animal. The discovery of opsonins and tropins, however, whose action 
upon the antigen increases phagocytosis with unique effectiveness, fo- 
cussed attention upon the humoral factors in immunity, and possible 
variability of the phagocytes themselves was largely lost sight of. Of 
late years there has been a tendency to return to consideration of the 
tissue and cellular factors. Without entering upon discussion of the 
broad question of cellular immunity, we desire to direct attention to 
certain recent studies touching upon the constancy or variability of the 
phagocytic cell itself in normal, hypersensitive and immune states. 

In certain diseases characterized by chronic focal lesions, of which 
tuberculosis is the most clear-cut example, the tissues of the infected 
animal acquire a peculiar type of hypersensitiveness. A number of 
studies agree in demonstrating that in the tuberculous organism both 
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polymorphonuclear leucocytes and macrophages differ from those of 
normal animals in that they possess a specific hyper-susceptibility to 
injury by a product of the tubercle bacillus, namely, tuberculin. (It is 
to be emphasized, however, that the phagocytic activity of such hyper- 
sensitive cells has unfortunately not as yet been investigated. ) 

Thus Achard and Benard (146) reported that the leucocytes of tu- 
berculous patients were more sensitive to tuberculin than those of nor- 
mal patients. Holst (147) injected tuberculin into the peritoneal cav- 
ity of tuberculous and normal guinea pigs. In each case an exudate of 
leucocytes appeared; the staining reactions of the exudative leucocytes 
of tuberculous animals were, however, those of injured or dead cells, 
whereas the majority of leucocytes from the non-tuberculous animals 
were normal. Stewart, Long and Bradley (148) studied by supravital 
staining the cells of pleural exudates in tuberculin-sensitive and normal 
guinea pigs. The exudates were elicited by injection of 4 cc. of hormone 
broth containing 0.1 cc. of old tuberculin. Both polymorphonuclear 
leucocytes and monocytes were regularly dead in the 24 hour exudates 
of sensitized animals, but living in those of normal animals. 

Rich and Lewis (149), by use of tissue culture methods, demonstrated 
that the addition of dilute tuberculin to explants of leucocytes or to 
explants from the spleen of tuberculous guinea pigs inhibits growth and 
migration of phagocytes but has no effect upon migration and growth 
in similar explants from non-tuberculous guinea pigs. Washing the 
cells from tuberculous animals does not remove their hypersensitivity, 
nor does treatment with the plasma of tuberculous animals confer hy- 
persensitivity upon the cells of normal animals. These results were 
confirmed and extended by Aronson (150), who demonstrated the spe- 
cific nature of the reaction. Thus the specificity of the hypersusceptibil- 
ity of the macrophages to injury by tuberculins of various acid-fast bac- 
teria correspond to the specificity of these acid-fast bacteria as 
determined by ordinary serological means. 

Studies of tuberculous infection and reinfection in vivo have also led 
to the conclusion that the phagocyte of the tuberculous animal differs 
from that of the normal animal. Thus Lurie (151) has compared the 
reaction to injection of tubercle bacilli in normal rabbits and in rabbits 
with residual foci of tuberculosis. In rabbits with extensive primary 
foci and hence with greatly increased resistance to reinfection small 
numbers of bacilli of reinfection may be completely destroyed by pha- 
gocytosis in the mononuclear cells in situ, without immediate general 
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or local infiltration of the tissues by polymorphonuclear or mononuclear 
cells and without subsequent tubercle formation. Reinfection with 
larger numbers of bacilli results in exudation of polymorphonuclear and 
mononuclear phagocytes which is both accelerated and intensified as 
compared with the normal animal. Reinfection with numbers of bacilli 
too great for destruction results in tubercles in which many of the hyper- 
sensitive macrophages and their derivatives, the epithelioid cells, undergo 
necrosis. 

The polymorphonuclear leucocytes and macrophages of tuberculous 
animals, then, have been shown to be specifically hypersusceptible to 
injury by tuberculin; there is indication, moreover, that the phagocytes 
of tuberculous animals differ from those of normal animals both in their 
capacity to destroy tubercle bacilli ¢n vivo and in their liability to injury 
by tubercle bacilli zm vivo. It is to be remembered, however, as has been 
pointed out above, that the phagocytic activity of such cells has not as 
yet been adequately investigated. Comparison in vitro of the leucocytes 
from tuberculous and normal animals with respect to their phagocytosis 
of tubercle bacilli and other microérganisms would be most desirable, 
and might contribute toward a better understanding of cellular hyper- 
sensitivity. 

In contrast to these clearly demonstrable deviations from the normal 
in the phagocytes of tuberculous animals, are phagocytes from organ- 
isms in the state of anaphylactic hypersensitiveness. In Holst’s (147) 
experiments leucocytes from patients and from animals sensitized to 
horse serum were treated with horse serum and subsequently their pha- 
gocytic power was tested. Differences from the control leucocytes not 
treated with horse serum could not with certainty be demonstrated. 
Long and Stewart (152) found that exudative leucocytes from guinea 
pigs sensitized to crystalline egg albumin were not affected by treatment 
with the specific antigen. (On the other hand, Long and Stewart re- 
ported that in the delayed intrapleural anaphylactic reaction in rabbits 
sensitive to horse serum, reacting leucocytes are largely killed.) The 
tissue culture experiments of Rich and Lewis, (149) of Meyer and Lowen- 
thal (153) and of Aronson (154) detected no effect on the vitality of cells 
of anaphylactic animals by treatment with the specific antigen. 

In spite of these failures to demonstrate deviations from the normal 
in the phagocytes of animals rendered hypersensitive or immune by 
injection of foreign proteins certain other considerations make it unwise 
to conclude that differences from the normal do not exist. Thus it is 
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well known that reinjection of an antigen results in antibody response 
which is accelerated and augmented as compared to a first injection of 
the same antigen, (155) and there is much evidence to indicate that the 
macrophages are the probable site of antibody production. It is likely, 
therefore, that the macrophages of a previously immunized animal are | 
altered in their reactivity to the immunizing antigen, could means of 
_ detecting this altered reactivity be discovered. 

In conclusion there may be cited the experiments of Mittermaier (156) 
which we cannot classify with certainty either as dealing with hyper- 
sensitivity of the tuberculin or the anaphylactic type. Mittermaier 
injected rabbits with staphylococci; 8 days later, when abscesses had 
been formed, blood was withdrawn and the leucocytes were washed 5 
times. These leucocytes phagocytized the corresponding staphylococci, 
but not streptococci, anthrax or typhoid bacilli; the staphylococci were 
not phagocytized by washed leucocytes of normal rabbits. Participa- 
tion of bacteriotropins was ruled out by exposing normal leucocytes to 
the serum of the immune rabbits and washing them 5 times; such leuco- 
cytes did not phagocytize staphylococci. Vaccination of rabbits with 
killed staphylococci did not make their leucocytes phagocytic after wash- 
ing. Injection of living staphylococci or of an old broth culture filtrate 
was necessary to elicit this phenomenon. These experiments should be 
repeated. 

In Mittermaier’s experiments the 5 times washed leucocytes and 
erythrocytes of the immune rabbits resisted about tenfold the concen- 
tration of staphylococcus leucocidin and hemolysin tolerated by normal 
leucocytes. 

5. THE CELLS CONCERNED IN PHAGOCYTOSIS. In his classical studies 
on phagocytosis Metchnikoff (1, 2) traced this phenomenon through dif- 
ferent groups of animals, from amoeba to man. He pointed out that 
in amoeba and similar protozoa phagocytosis of bacteria and other or- 
ganic material is the usual method of obtaining food. After ingestion 
the engulfed particles are either digested by cytoplasmic enzymes or 
extruded. In the lower metazoa phagocytosis and intracellular diges- 
tion still play the principle réle in the nutrition of the animal. Here cells 
lining the body cavity phagocytize and digest the food material. With 
greater specialization this primitive method of digestion gives way to the 
more complicated extracellular digestion in specialized hollow organs 
such as the gastro-intestinal tract. Fora recent detailed discussion of 


phagocytosis and intracellular digestion the reader is referred to Jordan 
and Hirsch (157). 
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There remain in all metazoa, however, amoeba-like cells which have 
retained the primitive property of phagocytosis and intracellular diges- 
tion. They are chiefly mesenchymal elements, and in the higher verte- 
brates at least, two principal categories of phagocytic cells may be dis- 
tinguished: the polymorphonuclear leucocytes or microphages of the 
blood, whence under suitable stimulation they emigrate into the tissues; 
and the macrophages or cells of the so-called reticulo-endothelial system. 


But, as Lubarsch (158) and others have pointed out, even in the higher 


vertebrates nearly all types of cells may under some conditions act as 
phagocytes. 

In this section we shall discuss the following subjects: the comparative 
phagocytic activity of macrophages and polymorphonuclear leucocytes; 
the phagocytic properties of immature leucocytes; phagocytosis by 
eosinophiles, basophiles and lymphocytes; phagocytosis by cells other 
than white blood cells or macrophages; phagocytosis in tissue cultures; 
and lastly phagocytic reactions in the invertebrates. 

A. Comparative phagocytic activity of macrophages and polymorpho- 
nuclear leucocytes. The importance of phagocytosis as a fundamental 
phenomenon of inflammation and immunity was established through 
the studies of Metchnikoff. According to Metchnikoff the two cate- 
gories of phagocytic cells, macrophages and microphages, differ not only 
morphologically, but also in their phagocytic function, the macrophages 
ingesting chiefly cells of animal origin such as erythrocytes and tissue 
cells, while the microphages ingest by preference bacteria, excepting 
those which commonly cause chronic infections, such as tuberculosis and 
leprosy, against which macrophages chiefly intervene. The sharp dis- 
tinction drawn by Metchnikoff and his students between the phagocytic 
function of macrophages and that of the microphages was not supported 
by later investigators. Increasing evidence is accumulating to the effect 
that the cells of the macrophage system are at least as important as the 
polymorphonuclear leucocytes in the removal of bacteria from the blood 
and the tissues; and conversely, that the polymorphonuclear leucocytes 
play an important réle in such chronic infections as tuberculosis, and in 
the removal of animal cells or their débris. The literature has recently 
been reviewed in an article by the present writers (31). 

That active immunization enhances phagocytosis by polymorphonu- 
clears is a well recognized fact; phagocytosis by macrophages is also 
promoted by immunization. Thus the experiments of Cannon, Sulli- 
van and Neckermann (159) with staphylococci and paratyphoid bacilli, 
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and Cannon and Pacheco’s (160) experiments with staphylococci clearly 
show that specific active immunization promotes phagocytosis by both 
macrophages and polymorphonuclears and that the increase may 
properly be attributed to bacteriotropins. Clark (161) demonstrated 
that addition of specific antiserum greatly increased macrophage ac- 
tivity toward pneumococci. Wright (162) found that active immuni- 
zation promoted phagocytosis of pneumococci by both polymorphonu- 
clears and macrophages, and Tsuda (163) and Bass (164) reported similar 
results with streptococci. In the tissue culture experiments of Bloom 
(138) phagocytosis of erythrocytes by macrophages was greatly in- 
creased by the addition of specific immune serum. Briscoe (165) 
demonstrated both by in vivo and in vitro experiments that tropins play 
an important part in the phagocytic activity of macrophages and of 
polymorphonuclears toward various antigen particles. Manwaring 
(166) (167) demonstrated that the efficiency of removal of bacteria dur- 
ing perfusion of the liver and spleen was greatly increased by active im- 
munization of the animal, or by serum sensitization of the bacteria 
perfused. 

It appears, then, that both macrophages and polymorphonuclears 
are capable of ingesting a great variety of bacteria as well as animal 
cells or inanimate particles, and that phagocytosis by both types of 
cells is promoted by the action of tropins. However, conditions in 
vivo may obscure or mask such similarity in behavior. Numerous ob- 
servers (168-174) have demonstrated that the earliest cellular reaction 
called forth by the introduction of various bacteria, animal cells or 
foreign substances in‘general is a polymorphonuclear exudation; macro- 
phages appear gradually after a lapse of some hours. Macrophages, how- 
ever, are normally concentrated in certain organs such as the spleen, or 
liver, and in these organs are normally the most readily available cell. Ob- 
served differences in the degree of phagocytosis by the two types of cells 
may then in many cases be attributed solely to differences in the rela- 
tive availability of the two kinds of cells. 

The experiments of the present writers (31, 175) described below were 
designed to compare by a quantitative method in vitro the phagocytic 
activity of macrophages and polymorphonuciear leucocytes when op- 
portunity is afforded these cells for collision with different kinds of test 
particles. The two types of phagocytic cells were obtained from exu- 
dates induced in the peritoneal cavity of rabbits, the macrophage exudate 
by injection of paraffin oil, that of polymorphonuclear leucocytes by in- 
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jection of 0.85 per cent NaCl solution. The cells were mixed, washed, 
concentrated by centrifugation and added to a series of test tubes con- 
taining the test particles suspended in saline or in serum dilutions. 
After rotation on a modified Robertson agitator smears were made and 
the comparative degree of phagocytosis determined by counting the per- 
centage of each type of cell which contained the test particles. Two 
questions received particular attention; first, the comparative phagocy- 
tic activity of the two types of cells in the absence of serum; and second, 


the response of each type of cell to the phagocytosis-promoting sub- 
stances in serum. 


TABLE 2 
Representative experiments comparing response to tropins against various antigens 
by polymorphonuclear leucocytes and macrophages 


COL- 

TUBER- BACT. ERY- 

(ovine) Loner | avium [C2088 | Corr” THRO” 

OF ANTISERUM — STRAIN) WITH 

|STRAIN) HUMAN 

SERUM 

NaCl control | 3) 6) 3) 7| 65) 27) 5) 6/10 O} O} 49 

NaCl control | —| 0} 6) 11) 65) 29) O} 2) 8 9/15)! O} O} 10) 55 

1:4096 5| 4| 6) 39) 36) 27) 15) 144 6) (20; 2) 1] — 

1:1024 18} 12) 14; 8| 81) 81| 74) 33) 41) 25) 16) 13/11 |15 | 13) 1) 35) 63 

1:256 29) 22) 85) 69) 87| 87| 78) 29) 29) 31) 16) 12)14 |25 | 22) 10| 64) 77 

1:64 35) 37| 93) 94) 66) 47| 38) 54) 25) 20:24 28 | 40) 68) 76 

1:16 46] 69) 76) 60) 87) 66) 71) 61) 29) 21/31 |48 | 58) 36) 83) 89 

1:4 56| 47| 68) 72) 89) 73) 82) 61) 40) 55) 30) 80) 89 
* The lowest serum dilution in this series was 1:20 instead of 1:4. 


P = polymorphonuclear leucocytes. 

M = macrophages. 

The numbers are percentages of phagocytes of each type containing ingested 
particles. 


In the adjoining table (table 2) are shown the results of some repre- 
sentative experiments with rabbit phagocytes and a variety of different 
test objects. In each case sensitization was with homologous immune 
rabbit serum. 

It will be seen that in the absence of serum little phagocytosis by either 
kind of cell occurs in the case of the avian, amphibian and Bovine III 
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strain of tubercle bacillus, the colon bacillus, hay bacillus, typhoid ba- 
cillus and the red blood cell. On the contrary virulent mammalian tu- 
bercle bacilli were engulfed readily by both types of cells. We have in 
all used nine different strains of virulent mammalian tubercle bacilli 
and with all of them observed a strong tendency toward so-called spon- 
taneous phagocytosis, i.e., ingestion in the absence of serum or serum 
components. In some of the experiments phagocytosis by macrophages 
exceeded that by the polymorphonuclears, in others the reverse. 

The only test particles toward which the two types of phagocytes 
exhibited a constant and significant difference in behavior were small 
collodion particles and oil droplets. Collodion particles (31) in NaCl 
solution and oil droplets in dilute serum (37) were readily phagocytized 
by washed macrophages but not by polymorphonuclears. 

That interaction of test particles with homologous immune serum 
promotes phagocytosis of both macrophages and polymorphonuclears is 
clearly shown in the table. Tropin action was essentially similar with 
respect to both kinds of phagocyte. The tropin experiments were con- 
ducted under a variety of conditions; with fresh or heated sera, normal 
and immune, both homologous and heterologous with respect to the 
antigen. In all cases there was found a nearly complete agreement be- 
tween the phagocytic behavior of macrophages and polymorphonuclear 
leucocytes. 

That the phagocytosis-promoting effects of sera were exerted essen- 
tially upon the particles phagocytized was shown by washing them after 
serum sensitization. Both kinds of phagocyte ingested sensitized, 
washed particles almost as well as in the presence of serum. 

The globulin fractions contained the serum components active in pro- 
moting phagocytosis by both types of cell. This is illustrated by a 
representative experiment shown in table 3. In this experiment 
turtle bacilli were sensitized with specific immune serum, and its protein 
fractions; the bacteria were then washed and suspended in saline. The 
table shows nearly complete correspondence between phagocytic action 
of the two types of cell. The immune serum and its fractions proved to 
be effective in the same order in promoting phagocytosis by macrophages 
as by polymorphonuclears, namely, whole serum > euglobulin > 
pseudoglobulin. No phagocytosis occurred after exposure to the al- 
bumin fraction and subsequent washing. 

Lastly the specificity of the tropin effect with respect to macrophages 
and polymorphonuclear leucocytes was tested. It was invariably found 
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that homologous immune serum, or its globulin fractions promoted pha- 
gocytosis by both kinds of cells; and on the contrary neither type of 
cell has ingested test antigens to the same extent when heterologous have 
been substituted for homologous sera. 

By vaccinating rabbits with dead tubercle bacilli Hughes (176) has 
stimulated development of serum substances which promote phagocyto- 
sis similarly by macrophages and by polymorphonuclear leucocytes. 

The phagocytosis-promoting properties of sera apply similarly, then, 
to both macrophages and polymorphonuclear leucocytes. In the ab- 
sence of serum the two types of cells may exhibit a different degree of 
phagocytosis toward certain objects. 


TABLE 3 
CONCEN- WHOLE SERUM EUGLOBULIN PSEUDOGLOBULIN ALBUMIN 
TRATION 
oF aenre P M P M P M P M 
1: 1024 39 23 13 -- 
1:256 79 75 44 42 2 6 — — 
1:64 97 95 88 98 5 i] 2 6 
1:16 98 90 86 93 55 20 0 5 
1:4 61 81 90 90 99 86 0 4 


NaCl controls: 
Polymorphonuclears, 3 and 3. 
Macrophages, 3 and 7. 


B. Phagocytosis in relation to maturity of leucocytes. Jacobsthal (177) 
investigated in vitro the phagocytic properties of myeloblasts and myelo- 
cytes, i.e., the parent cells of the polymorphonuclear leucocytes. Myelo- 
blasts obtained from a case of human acute myeloblastic leukemia en- 
gulfed cinnabar particles so that the cytoplasm became choked with them. 
On the contrary myelocytes obtained from two cases of leukemia and 
tested with tubercle bacilli and other bacteria and with foreign erythro- 
cytes, exhibited very little phagocytic activity. The mature polymorpho- 
nuclear leucocytes from the blood of these patients were normally phago- 
cytic. It would appear therefore that under the experimental conditions 
certain of the immature forms of leucocytes are less phagocytic than 
the adult forms. A further discussion will be found in the paragraphs 
dealing with tissue culture. 


Phagocytosis by neutrophilic leucocytes in relation to their maturity 
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has further been studied on the basis of the Arneth or Schilling grouping 
of these cells by a number of investigators. It will be recalled that 
leucocytes of the neutrophilic series may be classified according to their 
age by noting the degree of nuclear lobation and the width of the con- 
necting links of chromatin. Arneth (178) himself claimed that only 
the mature forms of leucocytes (those belonging to his classes 2 and 3) 
were concerned in phagocytosis. Neither the very young nor the senile 
leucocytes were said to participate in phagocytosis. However, he based 
his observations upon cells from purulent exudates, and not upon cells 
directly obtained from blood; it is quite probable therefore that factors 
other than maturity may account for the difference in phagocytic ac- 
tivity observed. 

Black (179) studied the relation between phagocytic activity and nu- 
clear configuration in polymorphonuclears of man obtained from the 
blood. He found that polymorphonuclears with complex nuclei pos- 
sess a greater power of ingesting tubercle bacilli than do those with 
simple nuclei, the phagocytic activity in the Arneth classes I, II, III, 
IV and V being 10, 18, 22, 25 and 25. Unfortunately details of method 
and experiment are not stated, though it is probable that Wright’s pro- 
cedure was employed. 

Ponder and Flinn (180) in a very thorough study arrived at different 
conclusions. They tested the phagocytic activity of human blood leuco- 
cytes toward four different bacteria including tubercle bacilli. The 
mean number of bacteria per leucocyte was as follows: class I, 2.5; II, 
2.7; III, 2.6; IV and V, 2.7. It is apparent therefore that there is no 
significant difference between the phagocytic activity of the various 
Arneth classes. This result would be expected when ingestion of bac- 
teria or other test objects is dependent largely upon chance collision 
between particle and cell. Ponder points out that in the case of pha- 
gocytosis occurring in vivo the conditions are not necessarily the same, 
for here the locomotion of the cells and their response to chemotropic 
influences would be among the important factors concerned. He sug- 
gests that the polymorphonuclears with the more complex nuclei may 
possess greater motility. 

Morita (181) studied by Wright’s method the phagocytic power of 
exudative polymorphonuclear leucocytes obtained from the peritoneal 
cavity of rabbits using as test particles staphylococci. The average 
number of cocci per leucocyte was found to be: class I, 4.55; II, 4.68; 
III, 5.17; IV, 5.48, and V, 4.97. These differences do not appear to be 
significant. Similarly Custer (182), who also used exudative rabbit’s 
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leucocytes and staphylococci, found no significant differences among the 
polymorphonuclears grouped according to Schilling’s scheme. 

It may be concluded then that at the present time the preponderance 
of evidence indicates no relationship between maturity of polymorpho- 
nuclear leucocytes and their phagocytic activity, at least so far as in 
vitro experiments are concerned. 

C. Phagocytic property of eosinophiles, basophiles and lymphocytes. 
Schwarz (183) in his extensive review on the eosinophiles discusses the 
phagocytic activity of these cells. He finds no agreement among the 
reports of various investigators; some have and some have not observed 
phagocytic activity. Since the time of this review little has been added 
to our knowledge, chiefly due to the difficulty of obtaining a sufficiently 
large number of cells from different sources. McCririck (184) found 
occasional phagocytosis of streptococci in vitro by human blood eosino- 
philes. 

Jacobsthal (177) in a case of Hodgkin’s disease with a high degree of 
eosinophilia observed that these cells readily ingested staphylococci and 
micrococci and that they exhibited particularly intense activity to- 
ward tubercle bacilli. 

Ringoen (185) has studied the mast cells in the adult guinea pig under 
experimental conditions and clearly demonstrated that these cells may 
act as phagocytes. 

The question whether lymphocytes possess phagocytic properties is 
complicated by the fact that many competent observers believe that 
lymphocytes may readily transform into cell forms universally accepted 
as phagocytes. As Bloom (186) points out it is very difficult to dis- 
tinguish the lymphocytes from the smaller forms of monocytes. And it 
is therefore also difficult to decide whether lymphocytes as such or their 
transition forms only may exhibit phagocytic activity. We shall not 
here discuss the voluminous literature dealing with transition of lympho- 
cytes. Studies by Maximow (187-189), Bloom (190, 191), Timofejew- 
sky and Benewolenskaja (192) and others (193-198) may be consulted. 

D. Phagocytosis by cells other than leucocytes. Fixed tissue cells and 
particularly the parenchymal cells of the various organs ordinarily show 
little or no phagocytic activity. On the contrary in tissue culture de- 
rivatives of practically all cells may act as active phagocytes; we will 
return to this point later. 

Under certain conditions many different types of cells not ordinarily 
phagocytic may in the intact animal engulf various kinds of particulate 
matter. As an example of remarkable phagocytic activity of epithe- 
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lium we may quote the observations of Graff (199). Graff in studies on 
toadstool (amanita) poisoning noted that about one-third of all of the 
hepatic epithelial cells in the experimental animal were engorged with 
red blood corpuscles. It is particularly noteworthy that the Kupffer 
cells which usually are very active phagocytes had not ingested any of the 
erythrocytes. Réssle (200) in an extensive paper described phagocytosis 
of erythrocytes by the epithelial cells of the human liver, pancreas 
and kidney in the pathological condition known as haemochroma- 
tosis. Heinecke (201) in mercurial necrosis of renal epithelium de- 
scribed removal by regenerating phagocytic epithelium of the dead cells 
and the cellular débris. Nakata (202) was unable to confirm these ob- 
servations and found that while regenerating epithelium may grow 
around necrotic cells it does not actually ingest them. Ishikawa (203) 
observed phagocytosis by epidermal epithelial cells when India ink was 
introduced into superficial wounds. The phagocytic power of vaginal 
epithelium, a subject of dispute, has recently been restudied by Carle- 
ton (204). He finds that in rabbits at least the epithelium of the vagina 
is phagocytic toward carmine and graphite and staphylococci, but that 
this activity appears to be limited to the nonciliated elements. He was 
unable to note any definite instance of phagocytosis by uterine epithe- 
lium. Ropes (205) caused rabbits to inhale air laden with powdered 
animal charcoal. Carbon particles were subsequently found to have 
been phagocytized by ciliated epithelial cells of the trachea and bronchi, 
especially those of low columnar or cuboidal type. 

Phagocytosis of gonococci by the epithelial cells of the conjunctiva 
has been described by McKee (206), by Lindner (207) and by Howard 
(208) in cases of human gonorrheal ocular infection. Phagocytosis be- 
gins by the end of the first week following infection by which time the 
entire conjunctiva has been renewed by desquamation and regeneration. 
‘The young superficial corneal cells ingest gonococci often in great num- 
bers and the bacteria disintegrate within the cells. 

Certain fibroblastic cells also appear to be able to act as phagocytes. 
Thus the response of the arachnoid cells toward particulate matter has 
been studied by Essick (209). These cells though they seem to resemble 
in other properties fibroblasts rather than macrophages were found read- 
ily to engulf erythrocytes, carbon and cinnabar. For a discussion of 
phagocytic phenomena in the nervous system, and particularly of the 
marked phagocytic activity of microglia (now grouped as part of the 
macrophage system), the reader is referred to the articles of Penfield 
(210, 211). 
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Study of the relation of serum phagocytosis-promoting substances to 
phagocytosis by cells other than polymorphonuclear leucocytes and 
macrophages is greatly to be desired. 

E. Phagocytosis in tissue culture. The development of methods for 
the cultivation of metazoan cells and tissues in vitro has made it pos- 
sible to investigate numerous problems of phagocytosis. Thus the re- 
action of many types of living cells to different kinds of foreign particles 
and the effect of alteration of the medium are among the important sub- 
jects that have been studied by this technique. 

Loeb (211a) as early as 1902 demonstrated phagocytosis by guinea pig 
epithelial cells growing in coagulated blood serum or agar implanted 
into a guinea pig. 

It seems desirable to single out for special discussion the phagocytic 
activity of the fibroblast. Lambert (212) observed that fibroblasts 
from the heart of the chick embryo take no part in the formation of pha- 
gocytic giant cells. Maximow (187) in cultures from various tissues of 
the adult rabbit observed phagocytosis by fibroblasts of tubercle bacilli 
only occasionally. According to Fischer (213) fibroblasts phagocytize 
tubercle bacilli and carmine only under special circumstances. Smith 
(214) found that fibroblasts from the chick embryo readily ingested 
melanin granules. M. R. Lewis (215-217) observed phagocytosis of 
typhoid bacilli, of B. radicicola and of chlorophyl globules; and Smith, 
Willis and Lewis (136) described the ingestion of avian tubercle bacilli 
by fibroblasts. Very recently Hogue (218) has found that fibroblasts 
from explants of the intestine, kidney, lung, liver, retina, and skeletal 
muscle of the chick embryo all readily engulfed barium sulphate granules. 

Fischer and Laser (219, 220) induced phagocytosis of carmine granules 
by fibroblasts in tissue culture by addition of ethyl urethane and of 
sodium oleate to the cultures. In recent papers v. Méllendorff (221) 
has studied a pure strain of fibroblasts from the adult rabbit grown in 
plasma-spleen extract. These cells phagocytized India ink and char- 
coal in large amounts. In cultures which were growing well frog eryth- 
rocytes were only exceptionally phagocytized; phagocytosis was 
abundant on the other hand in poorly growing cultures. Addition of a 
drop of 1 per cent trypan blue to a culture of fibroblasts containing frog 
erythrocytes led to abundant phagocytosis of the erythrocytes. The 
phagocytosis of frog erythrocytes was promoted also by treatment of the 
fibroblasts with India ink or with tar, according to v. Modllendorff. 
Lycopodium spores were not phagocytized by these normal fibroblasts. 
On addition of trypan blue, however, phagocytic giant cells were formed 
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with ingestion of the lycopodium spores. These effects should be further 
analyzed. 

That many kinds of cells in culture may ingest particles has been re- 
ported by a number of observers. Thus Hanes and Lambert (222) ob- 
served that the cells of rat and mouse sarcoma when cultivated in vitro 
take up finely powdered carmine particles; after ingestion the dye par- 
ticles are partly dissolved and stain the preéxisting cytoplasmic gran- 
ules. When large particles, such as lycopodium spores having a 
diameter of about 40 microns are added to a culture of cells, their size 
prevents their ingestion; however, in cultures of chick embryo spleen 
Lambert and Hanes (223) found that the lycopodium spores become 
surrounded by large mononuclear wandering cells which by fusion form 
multinucleated giant cells. The lycopodium spore therefore comes to 
lie eventually within the cytoplasm of a cell; a similar phenomenon was 
observed when cotton fibres were added to the culture. Smith (214) 
studied phagocytosis of melanin pigment isolated from eyes of various 
animals and from the urine of a patient with malignant melanoma. Using 
chick embryo cultures it was found that the pigment granules were in- 
gested by fibroblasts, epidermal cells, white blood cells, alveolar cells 
of the lung, liver cells, kidney tubule cells, endodermal cells of the in- 
testine, pigment cells of the retina, flattened out smooth muscle cells 
and epithelial cells of the amnion. On the contrary red blood cells, 
striated muscle cells, rhythmically contracting smooth muscle cells and 
certain peripheral nerve cells did not ingest the granules. Smith pointed 
out that the engulfed foreign material was taken directly into the cyto- 
plasm of the cell and not into a preformed vacuole; vacuole formation 
occurred only subsequent to ingestion. Shipley (224) had earlier ex- 
pressed the belief that phagocytized material became segregated into 
vacuoles either preéxisting or formed during the act of engulfing. Sub- 
sequent studies by Smith, Willis and Lewis (136) confirm the earlier 
observations of Smith. 

The reaction of tissue culture cells from the chick embryo to barium 
sulphate has recently been studied by Hogue (218). She found that all 
of the types of cells which grew out from the explants ingested the foreign 
objects. Thus she reported phagocytosis not only by fibroblasts from 
many different parts of the embyro, by macrophages, by giant cells of 
the kidney, by epithelial cells from the intestine, retina, uriniferous 
tubules, lung alveoli and liver, but by skeletal muscle cells and sympa- 
thetic nerve endings as well. The granules came into contact with 
the cells or cell processes and were drawn into the cytoplasm. No 
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preformed digestive vacuoles were seen, nor did vacuole formation 
accompany or follow the ingestion of the particles. Ishikawa (203) 
noted the ingestion of India ink particles by epithelial cells in cul- 
tures from human and guinea pig skin and mucous membrane, and in 
cultures from frog skin. M. R. Lewis (215) introduced typhoid bacilli 
into the medium of tissue cultures of chick intestine; the organisms 
were ingested by connective tissue cells as well as cells of the meso- 
thelium, the endoderm of the intestine and clasmatocytes. The addi- 
- tion of typhoid bacilli led to rapid vacuolization of the cells; these 
vacuoles the author regarded as a form of cell degeneration. In later 
experiments Lewis investigated the ingestion and destruction of Bacil- 
lus radicicola by connective tissue cells of the chick embryo. Both fi- 
broblasts and clasmatocytes were phagocytic, the latter more so; intracel- 
lular digestion also occurred in both types of cell, but more rapidly in the 
fibroblast. The method of phagocytosis was like that described for 
tubercle bacilli by Smith, Willis and Lewis (136). Lewis suggests that 
since the connective tissue cells in tissue culture are able to destroy dif- 
ferent kinds of microérganisms and other foreign bodies they may also 
play a part in the process of phagocytosis in vivo. But possibly be- 
cause of the rapid digestion of engulfed bacteria phagocytosis by fibro- 
blasts is seldom observed in vivo. Phagocytosis of staphylococci was 
investigated in cultures of bone marrow from young and adult guinea 
pigs by Bermann (225). Phagocytosis both by macrophages and by 
myeloid cells was observed. It is noteworthy that phagocytic activity 
was greater in cultures from young than from adult animals. 

Smyth (226) studied the reaction of chick embryo tissues toward 
human tubercle bacilli. He found that connective tissue cells, epithe- 
lium and lymphocyte-like cells phagocytize the bacilli freely. The cells 
which have engulfed bacilli may then digest them or they may be killed 
by the infecting organism. Formation of cell groups quite comparable 
to tubercles was observed as well as the formation of multinucleated 
giant cells containing masses of bacteria. Phagocytosis of avian tu- 
bercle bacilli in chick embryo cultures was studied by Smith, Willis 
and Lewis (136). The bacilli were ingested by many different kinds of 
cells: leucocytes, macrophages, connective tissue elements, endothe- 
lium, ectodermal cells, liver cells and renal tubule cells; and cells lining 
the bronchioles and alveoli of the lungs; however, no phagocytosis was 
observed by striated muscle, nerve fibres, erythrocytes or ciliated epi- 
thelium. As is generally the case in the intact animal, leucocytes and 
macrophages engulfed the bacilli most rapidly and in greatest number. 
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The phagocytizing cells were not observed to send out processes toward 
the bacilli nor make any active movements toward the bacilli. When 
by chance cell and bacterium same into direct and intimate contact the 
latter frequently became stuck to the surface of the cell and was ingested 
by it. No preformed vacuoles were observed in the phagocytic cells 
but after ingestion a small vacuole formed about the microérganisms 
which were eventually destroyed and digested. 

Cultures of Rous’ sarcoma in Fischer’s (219) hands became infected 
with avian tubercle bacilli through use of plasma from tuberculous fowls. 
A symbiosis of sarcoma cells and tubercle bacilli was maintained for 
about a year. Inoculation of these cultures into chickens gave rise to 
tumors which were themselves infected with tubercle bacilli. The 
fibroblast-like cells and the various amoeboid cells of the Rous sarcoma 
were all phagocytic for tubercle bacilli. 

Timofejewsky and Benewolenskaja (227) studied the reaction of cul- 
tures of normal and leukemic human bloods to tubercle bacilli. Myelo- 
blasts were found to be markedly phagocytic; destruction of some of the 
ingested bacteria was noted. 

Costero (228) has cultivated microglia in vitro and demonstrated 
phagocytosis of erythrocytes, tissue detritus and carmine granules by 
the microgliocytes. Lang (229) investigated the phagocytic activity 
of the so-called “‘dust cells’’ (alveolar phagocytes) in cultures from rab- 
bit’s lung inoculated with tubercle bacilli. Although various types of 
cells readily ingested the bacteria, the septal cells and ‘‘dust cells’’ were 
the most actively phagocytic elements. 

F. Tropin action in tissue culture. Tropin action appears to be a well 
established phenomenon in tissue culture. Jones and Rous (230) in 
their experiments with isolated cells in tissue culture found that staphy- 
lococci were ingested only when immune serum was present; that is, 
these cells required the interaction of tropins. Loewenthal and Micseh 
(231) noted that macrophages of the spleen of normal rabbits engulfed 
avirulent pneumococci only in the presence of fresh normal serum, while 
virulent pneumococci were ingested only upon the addition of specific 
immuneserum. On the contrary macrophages of the spleen from specifi- 
cally immunized rabbits readily phagocytized both avirulent and viru- 
lent pneumococci without the addition of either normal or immune 
serum. However after replantation of the explants from the immun- 
ized animals the cells lost their ready ability to engulf the microérgan- 
isms and behaved like the cells in the explants of normal rabbits. 

The authors offer two possible explanations for the difference in the 
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phagocytic behavior of cells from the immune and normal (i.e., non- 
immune) animals. It is possible that minute amounts of tropin-con- 
taining serum are explanted with the tissue from the immune animals; if 
this be the case then the active phagocytosis observed is essentially due 
to tropins carried over from the immune animal. On the other hand 
the cells of the tissue culture themselves may have formed the phagocy- 
tosis-promoting substance. They quote a number of investigators who 
have reported formation of immune bodies by cells cultivated in vitro. 
And they also point out that this ability is lost after prolonged cultiva- 
tion on artificial medium; the fact therefore that after replantation the 
cells from the immune animal lost their phagocytic ability cannot be 
used as a criterion for either of the two possible explanations cited. 

Bloom (138) studied the phagocytic reaction of macrophages toward 
pigeon erythrocytes in cultures from normal and immunized rabbit 
lungs. It was found that normally in these cultures the cells rarely 
phagocytized the foreign erythrocytes, though the latter became ad- 
herent to the phagocytes. On the other hand in cultures from immune 
rabbits there was an extensive and rapid phagocytosis of the pigeon cells. 
Similarly a high degree of phagocytosis could be produced in the cul- 
tures from normal lung in which there had not been any phagocytosis 
by the addition of dilute immune serum. It seems clear therefore that 
in these experiments phagocytosis was induced by erythrotropins. 
Bloom suggests as an explanation for the different behavior of cells from 
normal and immune rabbits that small amounts of immune serum were 
present in the explants from the immune rabbits. 

G. Phagocytic reactions in invertebrates. The study of phagocytosis in 
lower forms of life has of late been somewhat neglected. Yet a review 
of the literature shows that invertebrates in many cases afforded par- 
ticularly favorable material for investigating certain aspects of phago- 
cytosis. Space does not permit dealing with the subject fully but we 
wish at least to cite some of the problems investigated largely for the 
purpose of inviting attention to this material. An account of the earlier 
literature will be found in the two monographs of Metchnikoff already 
referred to. For descriptions and literature dealing with the types of 
phagocytic cells occurring in the invertebrates reference should be made 
to recent publications by Fauré-Fremiet (133), Volkonsky (232), Schulz 
(233), and Cameron (234). Phagocytic phenomena in relation to food 
intake are treated in the comprehensive articles of G. Hertwig (235) and 
of Jordan and Hirsch (157). 

S. Messing (236) investigated inflammatory phenomena in a number 
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of different species of molluscs, worms and coelenterates. Studying 
the tissue reactions to small experimental wounds and to the injection of 
India ink, Berlin blue or bacteria, he confirmed Metchnikoff’s view as 
to the great rdle played by phagocytic cells in removing foreign material 
or cellular débris. Messing extended the studies of Metchnikoff in 
that he demonstrated the rapid proliferative and regenerative phenom- 
ena occurring after tissue injuries in these animals. 

A recent elaborate study of inflammation in earthworms is that of 
Cameron (234). He found two main types of phagocytic cells in the 
coelomic fluid; one with acidophilic granules, the other a non-granular 
basophilic cell; these may be but functional modifications of one an- 
other. With various kinds of inert particles such as India ink, carmine, 
iron and coal-dust he found active ingestion by both kinds of cells both 
in vitro and in vivo. Twenty-one varieties of bacteria were studied 
both in vivo and in vitro. It was found that phagocytosis of all types 
occurred with the basophilic cells; phagocytosis of bacteria by the 
acidophilic cells was uncommon. Large foreign particles were sur- 
rounded by the phagocytic elements. Huge amounts of microérgan- 
isms and toxins pathogenic for mammals may be tolerated by earth- 
worms. 

Thompson (237) studied the reaction of the phagocytes of arthropods 
to their internal insect parasites. The living larvae of parasites which 
lie free within the body cavity of their hosts appear to excite no phago- 
cytic reaction whatever. The parasites which penetrate into some or- 
gan of the host without causing any extensive or rapid destruction of 
tissue likewise lead to no phagocytic reaction; those parasites which do 
lead to marked tissue destruction call forth an accumulation of phago- 
cytic cells which, however, do not appear to interfere with the de- 
velopment of the invader. Strickland (238), on the other hand, has 
found living parasitic larvae in the body cavity of their host surrounded 
by walls of phagocytic cells. He would attribute death of parasitic 
larvae in some manner to their enclosure by phagocytes. 

Jullien (239) studied phagocytic reactions on the part of the blood 
cells of the squid. These cells were found to ingest readily and without 
sending out pseudopods indifferent foreign particles such as India ink. 
When injury of muscle tissue was experimentally induced the white 
blood cells actively ingested the degenerating and fragmenting muscle 
fibres by spreading over and engulfing the organic débris. 

Chun (240) studied in a larval coelenterate the réle of phagocytic ac- 
tivity in resorption of degenerated muscle fragments. Thomas (241) 
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has reported the phagocytosis by amoebocytes of certain degeneration 
products in Nereis. Loeb (140) on addition of certain small solid par- 
ticles to amoebocytes of Limulus in vitro did not observe phagocytic 
activity on the part of these cells. 

Tait (128) found that the granular and especially the hyaline thig- 
mocytes (“leucocytes’’) of Crustacea are capable of ingesting various 
kinds of foreign particles such as India ink, carmine, or glass. In this 
paper will also be found an interesting discussion of the mechanism of 
phagocytosis. 

Special reference should be made to the long series of studies by S. 
Metalnikoff and his associates, who for years have utilized invertebrates 
in their investigation of phagocytosis and related phenomena. Metalni- 
koff and Toumanoff (242) injected bee larvae with India ink, staphylo- 
cocci and B. alvei. In the normal “blood” of these larvae there are 
about 85 per cent small (8-11.4u) and 15 per cent large (12.7—15.6y) 
leucocytes. Both types of cells take an active part in phagocytosis. 
Toumanoff (243) also reported that some hours following injection of 
India ink and of staphylococci the ratio between small and large phago- 
cytic cells in bee larvae changes in the direction of a steadily increasing 
number of the larger phagocytes which appear to be more actively phag- 
ocytic. While injection of living staphylococci kills the normal larva 
within 24 hours, previous treatment with killed staphylococci causes an 
increased resistance to subsequent injection of the living organisms. 
The author brings out the important observation that such acquired im- 
munity is associated with greatly increased phagocytic activity. In 
other papers Metalnikoff (244) compares immunity reactions in in- 
vertebrates and vertebrates. Many phenomena familiar in mammalian 
immunity are described in Metalnikoff’s interesting studies on insect 
larvae, for instance differences in the phagocytosis of virulent and aviru- 
lent strains of microérganisms, intracellular digestion in phagocytes, 
the formation of giant cells in response to acid-fast bacteria, and even 
rapidly acquired resistance following vaccination. Humoral phagocy- 
tosis-promoting substances were not demonstrated in this work. 

Ruediger and Davis (245) studied phagocytosis and opsonin action in 
relation to various lower vertebrates and certain marine invertebrates. 
They found that the serum-leucocyte mixtures of many forms of cold- 
blooded animals readily take up in vitro the common forms of bacteria 
pathogenic forman. Sensitization of the bacteria with the serum of the 
species from which the leucocytes were obtained, and in some cases with 
the serum of different species, promoted phagocytosis. Heating the sera 
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inhibited their phagocytosis-promoting action. Bacteria sensitized with 
the sera of cold-blooded animals may readily be taken up by the washed 
leucocytes of warm-blooded animals; the reverse is also found to be true. 
The authors conclude that phagocytosis in representative forms of all 
the great groups of animals seems to be largely dependent upon the pres- 
ence of opsonins in the sera 

It would be desirable to learn whether or not phagocytosis-promoting 
antibodies can be elicited by active immunization of invertebrates. 
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THE PHYSIOLOGICAL SIGNIFICANCE OF CHOLINE 
DERIVATIVES 
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Laboratories of George Piness, M.D., Los Angeles, and the Pharmacological 
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During the middle of the last century, Strecker (1849) isolated choline 
for the first time, from the bile of pigs, and he later (1862) established 
its chemical constitution. Von Babo and Hirschbrunn (1852) isolated 
the same base as a product of the hydrolysis of sinapin, an alkaloid 
obtained from the seeds of the white mustard. Since that time choline 
has been found in many places in the animal and vegetable world, for 
since it is a constituent of lecithin it probably occurs in all living cells, 
at least in a combined form. The biochemical occurrence of choline 
is detailed by Guggenheim (1924) and its general biological importance 
is reviewed recently by Alberts (1932). 

Shortly after the structure of choline had been established, the work 
of Schmiedeberg and Koppe (1869) initiated the problem of muscarine, 
which since has become of major importance in its relation to chemical 
and physiological studies of choline and its derivatives. As a tool for 
the physiological differentiation of types of smooth muscle innervation 
in various animals its usefulness is almost unique among drug compounds. 
Certain errors in the chemical work of Schmiedeberg and Harnack 
(1876), who believed they had obtained a pure preparation of muscarine 
and established its formula, complicated the problem. Further, the 
synthesis by these workers of an active substance by supposed oxidation 
of choline, which was presumed to be identical with natural muscarine, 
introduced a new material of unknown chemistry and resulted in con- 
fusion of nomenclature. Boehm (1885) early recognized that the phys- 
iological actions of natural muscarine and the synthetic product of 
Schmiedeberg and Harnack differed, and it became customary to refer 
to the latter as “synthetic muscarine,’’ ‘choline muscarine”’ and a few 
workers called it ‘‘pseudomuscarine.’”’ In some cases the distinction 
was not always clearly made and muscarine was indeterminately used. 
This has led to great difficulty in reviewing the literature of muscarine 
and in presenting the data without error, as shown in the excellent review 
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of the muscarine group by Fiihner (1923) in Heffter’s Handbuch. A 
marked improvement in the situation was made by Ewins (1914) who 
showed “‘pseudomuscarine”’ to be the nitrous ester of choline and not an 
oxidation product. The study of this nitrous ester by Dale (1914) and 
his report of its physiological actions, using its correct chemical name, 
completed the solution of the problem of the synthetic compound. Only 
recently, however, Kégl, Duisberg and Erxleben (1931) have offered prac- 
tically a final solution to the problem of the chemical constitution of true 
muscarine and so have furnished a sound basis for correlating the earlier 
chemical and physiological work on this substance. 

The acetic ester of choline, acetylcholine, was first prepared by Baeyer 
(1867) but it remained only of chemical interest until Hunt and Taveau 
(1906) discovered its marked physiological activity. Many other cho- 
line derivatives were also studied by them and this class of compounds 
has become very important to chemists, physiologists and pharmacolo- 
gists alike. The discovery that acetylcholine occurs in certain extracts 
of ergot by Ewins (1914) and Dale (1914) increased interest in this 
compound. Its present importance is derived however from the almost 
certain evidential proof that it exists in the-animal body and is the 
chemical agent involved in humoral transmission of parasympathetic 
and certain other nerve impulses to muscles. The course of the develop- 
ment of this idea and a summary of its proof to that date were clearly 
given in his Croonian Lectures by Dale (1929). The evidence for 
humoral transmission of autonomic nerve impulses in general has been 
summarized by Loewi in his Harvey Lectures (1932-1933) and recently 
by Cannon (1933). A good review of literature with regard to acetyl- 
choline was given by Riesser (1931) but investigation of this substance 
as to its participation in physiological mechanisms has continued apace 
and there have been many recent valuable contributions. 

OccURRENCE IN ANIMAL TISSUES. Choline and acetylcholine, aside 
from the complex lecithins, are the only choline derivatives whose pres- 
ence in animal tissues has been established by isolation in pure form and 
identification by chemical methods. The detection and estimation of 
these two substances is difficult, or often impossible, with the available 
small samples of body tissues or fluids and much of the physiological 
data that has been accumulated depends upon the degree of specificity 
and accuracy of bioassay methods. The methods that have been com- 
monly used, at least until recent times, are reviewed by Guggenheim 


(1924), by Zemplen (1924) and later by Sichel (1930) in Abderhalden’s 
Handlexikon. 
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“Choline. The most sensitive method of detecting and estimating 
choline with approximate certainty is the determination of the physio- 
logical activity of a properly prepared tissue extract upon the circulation, 
the isolated heart or other suitable muscle preparation. The activity 
is determined before and after acetylation and the increase in activity 
is indicative of the amount of choline present in the initial extract, in 
terms of acetylcholine equivalent. This method was first suggested 
by Hunt and Taveau (1906) and is based upon their observation of the 
marked activity of acetylcholine as compared with that of choline, 
being from 1000 to 100,000 times as great depending upon the test 
preparation used for assay. The method was developed in detail later 
by Hunt (1915), also by Guggenheim and Léffler (1916) and by Fiihner 
(1916) with regard to the bioassay method involved. An acetone or 
alcohol extract of tissue was prepared and used for acetylation, after 
evaporation of the solvent, so that the possibility of error due to the 
presence of a small amount of lecithin was not excluded. By use of an 
aqueous trichloracetic acid extract, Heesch (1925) has shown that inter- 
ference by the lecithin present in the tissues is avoided. 

Using the isolated frog heart for bioassay of the acetylcholine formed 
upon acetylation, Hunt (1915) found that he could detect as little as 
0.00001 mgm. of choline and that normal serum contained from 2 to 10 
mgm. per liter or 2 to 10y per cc. The choline content of heart and 
skeletal muscle was found to be somewhat greater than this while the 
content in the cerebrospinal fluid and saliva was found to be much less. 
Intravenously injected choline was observed to disappear rapidly from 
the blood stream. In one rabbit experiment some 90 per cent of the 
10 mgm. of choline injected had disappeared within one minute and after 
ten more minutes the blood content had become normal. The incuba- 
tion of choline and serum mixtures for as long as thirteen hours at 37°C. 
did not lead to appreciable destruction of choline and its loss from the 
blood stream after intravenous injection was not accompanied by any 
detectable change in the choline content of heart muscle. Using the 
isolated guinea-pig intestine for bioassay, Guggenheim and Léffler (1916) 
found a similar range for normal serum content of choline, 2 to 20 mgm. 
per liter, and reported the normal urine content to be from 2 to 10 mgm. 
pef liter. The use of the isolated frog heart instead of the isolated guinea- 
pig intestine is preferable, according to Fiihner (1916), because of its 
relatively greater sensitivity and smaller total dose requirement. 

~The choline content of various animal tissues has been determined by 
both chemical and biological assay methods but the significance of the 
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absolute values given and their variations under pathological conditions 
are rarely evident. The lecithins are constituents of all tissues and have 
been found in various amounts in the different tissues of the body, as 
reviewed by Thierfelder and Klenk (1930). Enzymes capable of hy- 
drolyzing choline from the lecithins, the so-called lecithinases, are like- 
wise known to have a wide distribution in the body. It seems quite 
probable that many reported values for choline do not at all represent 
conditions as they exist in the living animal but are vitiated by post- 
mortem changes or changes occurring during the extraction and isolation 
technics. The possibility of large errors from these sources is indicated 
by noting that the most recent and best figures for the lecithin content 
of blood by Lintzel and Monasterio (1931) show the presence of amounts 
equivalent to 160 to 300 mgm. choline chloride per liter in the normal 
blood of the horse, beef or man. The recent chemical estimations by 
Wrede and Bruch (1931) indicate free choline contents from 5 to 10 mgm. 
choline chloride per liter of blood so that small degrees of hydrolysis of 
the lecithin present would cause large errors in estimating the choline 
content. A similar situation most probably exists with regard to the 
tissues. 

Strach, Neubaur and Geissendérfer (1933) pointed out the large dif- 
ferences in the choline content of the liver as reported by earlier investi- 
gators using different technics. They showed that alcohol, which has 
been commonly used for making initial tissue extracts, is not a good 
fixing agent and further that if the tissue is not immediately fixed the 
choline isolable from the extract is much increased. Thus immediate 
alcohol extraction of finely minced tissue, requiring from three to five 
minutes for dog liver, showed the presence of 0 to 43 mgm. choline chlo- 
ride per kgm. in the extract. With beef liver, where ten to fifteen min- 
utes are required, values of 7 to 59 mgm. choline chloride per kgm. were 
obtained. If the tissue was not immediately finely minced and ex- 
tracted but allowed to stand five hours before the mincing and extract- 
ing, even in slices in alcohol, choline contents in the range of 136 to 164 
mgm. per kgm. were found for dog liver and from 213 to 783 mgm. per 
kgm. for beef liver. Another source of error was shown to be due to the 
presence in such extracts of a water soluble phosphatide, apparently a 
sphingomyelin, that splits choline under the influence of the acid com- 
monly used in the determination of choline by its isolation as an auri- 
chloride. That this may introduce an appreciably large error was 
proved in a case where careful isolation, avoiding undue acid treatment, 
showed a choline content of 8 mgm. per kgm. and the accompanying 
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phosphatide gave on treating with acid a further amount equivalent to 
18 mgm. more of choline chloride per kgm. 

Acetylcholine. Although the presence of acetylcholine or similar 
choline ester in tissue was earlier predicated by several workers as a 
result of their study of certain physiological mechanisms and the phar- 
macological assay of certain tissue extracts, it was isolated for the first 
time in chemically pure form from animal tissues by Dale and Dudley 
(1929). In connection with their studies of the depressor substances in 
extracts of the spleen of the ox and horse they noted the presence of 
large amounts of acetylcholine-like depressor activity and were led to 
attempt its isolation from such extracts. The initial extraction proce- 
dure was carried out as rapidly as possible following the death of the ani- 
mal so that it is quite probable that it occurs as such in living tissues and 
is not an artefact of extraction technic. Dale and Dudley were able to 
isolate about one-fifth of the initial acetylcholine-like activity of their 
extracts in the form of a mixed dichlorplatinate of choline and acetyl- 
choline and accounted for the losses of activity in the various stages of 
isolation in a systematic manner. This mixed dichlorplatinate of cho- 
line and acetylcholine had not been previously characterized but its com- 
position was carefully established by Dudley (1929) who later (1931) 
showed the formation of such coérdination compounds to be charac- 
teristic of choline and a Jarge number of its esters. 

The early work of Hunt (1899, 1901), who studied the depressor activi- 
ties of extracts of the suprarenal glands, led him to obtain a preparation 
that exhibited a physiological activity about fifty times that of an equal 
weight of choline and readily yielded choline as the result of simple 
chemical manipulations. Later, Hunt (1915) pointed out that if choline 
played a part as an active physiological agent in body processes it was 
probably in the form of one of its more active derivatives. Following 
the important physiological studies of Loewi (1921, 1924) on the humoral 
inhibitory mechanism of the frog heart, Witanowski (1925) showed that 
a substance with the pharmacological properties of a choline ester could 
be obtained from the frog’s heart by mincing the fresh tissue with alcohol 
and then suitably preparing this extract for testing. 

With regard to the chemical isolation of the acetylcholine that is pres- 
ent in animal tissues a curious discrepancy between the results of several 
workers has arisen. Kapfhammer and Bischoff (1930) reported an im- 
provement in the technic of choline and acetylcholine isolation and the 
isolation of considerable quantities of acetylcholine as a “Reinecke acid’’ 
salt from beef blood which they further converted into an aurichloride 
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for identification. They reported the isolation of about 30 mgm. acetyl- 
choline per liter of blood in the form of these pure salts and offered analy- 
ses to confirm their identification. It is of interest to note that this is 
well above the usual range for most blood choline analyses. 

Wrede and Keil (1931) were not able to confirm the isolation findings 
of Kapfhammer and Bischoff and pointed out that these workers had 
failed to verify their findings by bioassay methods. Dale and Dudley 
(1931) pointed out the extreme improbability of the occurrence of free 
acetylcholine in the blood in an amount such as reported by Kapfham- 
mer and Bischoff since the intravenous injection of much less than one 
per cent of this amount produces marked physiological actions and 
further that acetylcholine is rapidly destroyed in contact with blood, due 
to an enzyme catalyzed hydrolysis. Pharmacological assay of blood 
extracts such as used by Kapfhammer and Bischoff failed to indicate the 
presence of even one per cent of the amount reported to have been iso- 
lated by these latter workers. Dale and Dudley also failed to confirm 
the isolation findings even when rigorously adhering to the procedures 
of the Freiburg workers. 

Confirmation of their original observations on beef blood was then 
made by Bischoff, Grab and Kapfhammer (1931) who reported finding 
varying amounts of acetylcholine in 29 out of 32 samples by bioassay 
and isolation of reineckate and aurichloride from some 34 samples. 
The bioassays indicated the presence of from 5 to 55 mgm. acetylcholine 
equivalent per liter in 20 of the 32 reported blood samples. Vogelfinger 
(1933) has noted a confirmation of the presence of acetylcholine in blood. 
The recent report of Dudley (1933) does not clarify the matter in that 


his repeated efforts in England have been entirely without success in. 


isolating or finding by bioassay methods appreciable amounts of acetyl- 
choline in blood. When working in the Freiburg laboratory with Bisch- 
off, he was able to isolate a reineckate showing an activity on rabbit 
intestine equivalent to 40 mgm. acetylcholine chloride per liter of blood 
and from this an aurichloride that was identical with pure acetylcholine 
aurichloride in melting point and gold content. Returning to England, 
using identical technic at Hampstead, he was not able to get the same 
results and did not find any evidence for the presence of acetylcholine 
in blood even in amounts of one per cent of that found at Freiburg. 
The amounts indicated to be present in blood, by very careful pharmaco- 
logical testing using isolated rabbit intestine as at Freiburg, were only 
of the order of 0.1 mgm. acetylcholine chloride equivalent per liter of 
blood at the several stages of isolation and the aurichloride that could 
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be isolated was entirely that of choline. Further work by other investi- 
gators was invited by Dudley and is needed to establish what the situa- 
tion is with regard to acetylcholine in the blood and other tissues. 

Of the various bioassay methods that have been used for detecting 
and estimating the acetylcholine content of tissues the use of the eserin- 
ized leech muscle is one of the most sensitive and is highly specific. 
Fiihner (1918) noted that acetylcholine is not very active upon leech 
muscle in producing a contracture but that eserine (physostigmine) 
markedly potentiates this effect. Loewi and Navratil (1926) found that 
eserine potentiation of acetylcholine with regard to its inhibitory effect 
on the isolated frog heart preparation, is also marked. The thorough 
study of Minz (1932) on the responses of the eserinized leech muscle has 
established its marked specificity towards acetylcholine and its inertness 
towards substances known to occur in tissue extracts that interfere with 
assays made upon the isolated heart or intestine or the circulation in 
mammals. Chang and Gaddum (1933) have further studied the speci- 
ficity of the eserinized leech muscle and find it to be one of the most 
specific bioassay methods for choline esters. When it is combined with 
other bioassay methods it apparently furnishes an almost unique identi- 
fication of the active choline ester as acetylcholine itself. 

The work of Chang and Gaddum (1933), using bioassay methods is 
the most complete of any reported on the distribution of acetylcholine 
in animal tissues. That the acetylcholine-like activity of tissue extracts 
can be demonstrated to be due almost entirely to acetylcholine and not 
some other choline ester was proved by their studies on several choline 
esters. They established that the relative activity of a series of esters 
of choline is dependent upon the test preparation used, by quantitatively 
comparing their activities upon the circulation in the rabbit, the stimula- 
tion of isolated rabbit intestine, the contracture of the frog’s rectus 
before and after eserine, and the contracture of eserinized leech muscle. 
This differential type of pharmacological study of tissue extracts is very 
important, as the actual isolation of acetylcholine, in a chemically 
identifiable form, from most of such extracts cannot be hoped for because 
of its extreme lability and the very small quantities that appear to be 
present. 

The careful and improved bioassays of trichloracetic acid extracts of 
tissues by Chang and Gaddum (1933) fail also to confirm the finding of 
any appreciable quantities of acetylcholine equivalent in blood. Not 
over 0.ly per gram was found in any case, which is equivalent to 0.1 
mgm. per liter or less than 0.3 per cent of that often found by Bischoff, 
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Grab and Kapfhammer (1931). Similarly, in skeletal muscle where the 
isolation of acetylcholine in an amount equivalent to 194y per gram of 
tissue has been reported by Bischoff, Grab and Kapfhammer (1932), 
the analyses by Chang and Gaddum show not more than 0.08y per gram 
in the skeletal muscle of horse, dog, cat, rabbit, or frog and these latter 
results are similar to those of Plattner and Krannich (1932) 

The pharmacological assays of Chang and Gaddum (1933) upon the 
various other tissues of the body indicate the general distribution of 
acetylcholine. The method was indicated to be accurate to about 0.1y 
per gram of tissue and the results indicated that the tissues with the 
highest acetylcholine equivalent are usually those whose main activities 
are controlled by the parasympathetic nervous system, but there are 
certain important exceptions. In the horse, for example, the suprarenal 
gland and the sympathetic nerve and its ganglia were found each to 
contain moderate amounts of acetylcholine equivalent. The observa- 
tions of Dale and Dudley (1929) with respect to the presence of relatively 
large amounts of acetylcholine in the spleens of the ox and horse were 
confirmed but the spleen of the dog does not contain any appreciable 
amount of this material. Relatively large amounts in human pla- 
centa, which had been noted by Bischoff, Grab and Kapfhammer (1932) 
were also found but the placenta of the rabbit did not contain any appre- 
ciable amount. There thus seem to be marked species as well as organ 
differences in its distribution in the animal body. 

DESTRUCTION IN ANIMAL TISSUES. The destruction of choline in the 
animal body has not as yet been well worked out. That choline fed by 
mouth or injected subcutaneously does not lead to increased excretion 
in the urine has been well demonstrated by Guggenheim and Léffler 
(1916). Even after intravenous injection of considerable amounts of 
choline there is but little increased excretion. However, intravenously 
injected choline disappears rapidly from the blood stream, as observed 
by Hunt (1915) and by Guggenheim and Léffler (1916) so that it must 
be readily stored or destroyed by the tissues. While Hunt (1915) 
reported that incubation of choline and serum mixtures does not lead to 
evident destruction of choline, Page and Schmidt (1930) more recently 
claim to have observed such destruction and that it is related to the 
concentration of choline present and the time of incubation. Wrede 
and Bruch (1931), using the isolation method of Wrede, Strach and Born- 
hofen (1929) for choline determination, proved however that incubation 
of choline with beef blood or sheep serum does not lead to detectable dis- 
appearance of choline from such mixtures. Their work should carry 
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the greater weight and it seems most likely that some other mechanisms 
must be invoked to account for the disappearance of choline from the 
circulation. 

Maxim and Vasiliu (1929), using the chemical method of Sharpe 
(1923), determined the choline content of the blood of the dog at different 
points in the circulation. They found for blood samples from the 
abdominal aorta, inferior vena cava, portal vein and hepatic vein, values 
of 19.6, 25.2, 32.2 and 15.4; also 21, 25, 32.1 and 18.1 mgm. per liter 
respectively in two experiments. The liver would seem therefore to 
play a part in destruction or storage of choline and Guggenheim and 
Léffler (1916) did note a decrease in choline content of perfusion fluid 
passed through an isolated liver preparation. The suprarenals have 
also been considered to play a part in choline metabolism as Gautrelet 
(1909) reported an increased content of choline in the blood following 
their removal. Hunt (1915) observed the same phenomena in some 
cases but did not consider it constant enough to be conclusive and Viale 
(1928) reported a decrease of choline in the lymph following the removal 
of the suprarenals. Shanks (1924) has contributed the observation that 
removal of the parathyroids in dogs and cats results in increased choline 
contents in the blood that roughly parallel the resulting symptoms, an 
increase of about a hundred times being noted in one dog that developed 
a marked tetany. 

That there may be some close relation between choline and creatine 
metabolism has been shown by Riesser (1913, 1914) who noted in rab- 
bits an increased creatinine output in the urine following choline injec- 
tions and Baumann and Hines (1918), also Shanks (1921), found that 
there is usually an increase in creatine in the muscles at the same time. 
Klee and Petropuliades (1928) reported a very large increase in choline 
output in the urine following considerable bodily activity so that this 
relationship may be reciprocal in some way in the muscles. Sharpe 
(1924) has observed that the choline content of the hen’s egg decreases 
during hatching, while the guanidine content increases, which further 
suggests some close connection between creatine and choline metabolism. 

The chief interest in the destruction of acetylcholine in the body has 
centered around its hydrolysis to acetic acid and choline. This has been 
principally due to the fact that it is active in such small amounts that 
the part that it can directly play as a source of a particular carbonaceous 
or nitrogenous molecular grouping might seem to be negligible. How- 
ever, the observation by Ellis and Weiss (1932) that as much as one 
gram of acetylcholine chloride can be destroyed in man on intravenous 
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injection over a ten minute period and twenty to sixty milligrams per 
minute may be destroyed without appreciable cardio-vascular effects 
indicates that it may play a part in intermediary metabolism other 
than through its effect on nerve-muscle mechanisms. 

The study of the hydrolysis of acetylcholine has also been used as a 
very effective tool for distinguishing it from other related substances 
and the proof of its occurrence as the humoral agent in certain physio- 
logical mechanisms largely depends on such study. The extreme eva- 
nescence of the physiological actions of acetylcholine was early noted and 
Dale (1914) suggested that it was quite probably due to its rapid hy- 
drolysis in the body, possibly involving an enzyme mechanism. Le 
Heux (1921) observed a marked increase in the action of choline upon 
the isolated gut in the presence of some sodium salts of aliphatic acids 
and that this effect disappeared after much washing, which he considered 
to indicate the presence of an enzyme mechanism in tissue affecting the 
system of choline, aliphatic acid and corresponding choline ester. These 
observations were extended by Abderhalden and Paffrath (1925) who 
showed that there is a thermolabile enzyme system in the gut of the pig 
and of the horse and also in extracts of pig gut that destroyed acetyl- 
choline. Synthesis in concentrated choline and acetate solutions of 
acetylcholine up to 0.2 to 0.8 per cent of theory was reported and this 
was reversed on dilution. The synthesis was not evident at an alkaline 
reaction but occurred in a neutral or better in a solution acidified with 
acetic acid. 

Following the work of Loewi and Navratil (1926) a new interest in the 
hydrolysis of acetylcholine in animal tissues was aroused. These work- 
ers showed that there is in the frog heart a mechanism that rapidly 
destroys the substance liberated by vagus stimulation and also destroys 
acetylcholine at closely the same rate. Witanowski (1925) had observed 
the destruction of the vagus substance by alkalinization in heart extracts 
and these two observations suggested that the vagus substance is acetyl- 
choline itself or a closely related ester. Blood and washed blood cells 
were also found to exert this destructive effect upon the cardiac vagus 
substance and acetylcholine and a detailed study of the rapid destruc- 
tion of acetylcholine by mammalian blood was made by Galehr and 
Plattner (1927), but they questioned whether the effect is due to an 
esterase mechanism because of its relative resistance to heating or expo- 
sure to ultraviolet light. Plattner and Hintner (1930) studied the 
destructive effect of various tissue extracts and accepted the view that 
their activity is due to the presence of anesterase. Englehart and Loewi 
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(1930) and independently, Matthes (1930), found that the resistance of 
the esterase mechanism to heat is only relative and due to the presence 
of protective substances normally in serum. Matthes (1930) further 
found that fluoride inhibits the hydrolytic mechanism of tissue extracts 
and blood upon acetylcholine as it inhibits lipase and other esterase 
mechanisms. 

Loewi and Navratil (1926) observed that eserine (physostigmine) is 
inhibitor to the destruction of the vagus substance or of acetylcholine 
by the frog heart, and extracts thereof, an observation of the widest 
significance. It enables the action of the esterases in blood and tissues, 
that hydrolyse choline esters, to be used as a distinctive biochemical 
test for the presence of these esters in solutions that cannot possibly 
be handled for chemical detection by isolation. The many important 
uses to which this observation has been put will be evident later in this 
review. Englehart and Loewi (1930) reported further details of the 
eserine inhibition of esterase destruction of acetylcholine by blood. 
Matthes (1930) also studied this effect and contributed the observation 
that miotine exerted a similar inhibition of esterase activity upon acetyl- 
choline. Miotine is a synthetic drug developed by Stedman (1929) and 
related in chemical constitution to eserine. Matthes’ observation 
(1930), that both miotine and eserine inhibit the esterase destruction of 
several choline esters, suggests that this type of inhibitory effect can be 
accounted for in some simple chemical terms. The physiological activi- 
ties of both miotine and eserine, which are closely alike in all respects 
according to Stedman and White (1931), are largely to be accounted for 
by their common inhibition of the destruction of normally occurring 
choline esters in the body. Ergotamine was also found by Loewi and 
Navratil (1926) to inhibit the acetylcholine splitting enzyme in frog 
heart extracts. A further study of the effects of ergotamine and ergo- 
toxine by Matthes (1930) showed, however, that relatively high concen- 
trations of these substances are required for inhibition of blood esterase 
destruction of acetylcholine. Quinine was observed to have a similar 
action but atoxyl does not, though both of these compounds have been 
reported by Rona and Reinecke (1921) to inhibit the action of serum 
and other lipases on different substrates. 

An inhibitory effect on the esterase hydrolysis of acetylcholine by 
methyl, ethyl, n-propyl, n-butyl and iso-amyl alcohols, also by acetone 
and acetamide, was noted by Plattner and Galehr (1928). These same 
workers had earlier (1927) made observations on the relative esterase 
activity of the sera of different species, serum having relatively less 
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activity than whole blood or even washed blood cells. They found that 
the esterase activity decreases in the order: man, pig, beef, dog, horse, 
rabbit, cat. The Stedmans and White (1933) have recently restudied 
this species variation with an improved technic, determining average 
values with butyrylcholine as the substrate, and expressed their results in 
cubic centimeters of 0.02 normal sodium hydroxide required to neutralize 
the butyric acid formed within twenty minutes at 37°C. Their series of 
values are, monkey 8.8, man 5, dog 4.8, horse 5.5, guinea pig 3.8, cat 2, 
mouse 0.4, rat 0.05, rabbit 0.05, beef 0.05, and frog 0. Examination of 
the esterase activity of these blood sera on a variety of substrates such as 
the choline esters, methyl butyrate and tributyrin, indicate that at least 
two enzymes, which they termed choline esterase and esterase, are present 
in many sera and a third enzyme, possibly a lipase, is also present in 
some. The specificities of choline esterase and esterase are not absolute 
however and both have some action on a hetero ester substrate. 

Another type of tissue destruction of acetylcholine is perhaps indi- 
cated by the work of the Bernheims (1933) who found that rat liver will 
oxidize acetylcholine, as measured by increased oxygen consumption of 
living excised tissue. Since eserine and fluoride were both found to 
inhibit this oxidation it was considered that hydrolysis of the ester 
linkage may first be necessary. 

Certain other considerations however appear to the author to indi- 
cate that another type of detoxification, probably involving an oxida- 
tive or hydrolytic splitting of trimethylamine from choline derivatives, 
occurs in the body. For example, 8-phenylisopropyl trimethylammo- 
nium iodide (Alles, 1933) is from 20 to 50 times as active intravenously in 
raising blood pressure as is the corresponding primary amine. The 
reverse is true however with regard to oral administration, for while 
50 mgm. of 6-phenylisopropylamine hydrochloride produces a marked 
rise in blood pressure, as observed by Piness, Miller and Alles (1930), 
the same dose of the quaternary ammonium salt has no evident effect. 
Similarly, carbaminoylcholine as studied by Kreitmair (1932) is 50 
times less toxic orally than intravenously and this large differential indi- 
cates a quite rapid destruction in the body which probably occurs at the 
pentavalent nitrogen end of the molecule since the ureide grouping is not 
readily hydrolyzed. A better case in point is that of the ethyl ether of 
8-methylcholine, first extensively studied by Simonart (1932) and more 
recently by Starr and Comroe (1933). This compound is quite active 
on intravenous administration, yet as shown by Starr, Elsom and 
Reisinger (1933) its orally effective dose is large although less than 
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that of acetyl-8-methylcholine which is hydrolyzed by body fluids 
(Simonart, 1931). 

PARTICIPATION AS HUMORAL AGENTS IN PHYSIOLOGICAL MECHANISMS. 
I. Intestinal mechanisms. Magnus (1930) reviewed to that date, a part 
of the development of the idea that choline or its derivatives play a part, 
as humoral agents, in the regulation of the activity of the intestine. His 
early (1908) suggestion that a chemical substance probably mediated 
the control of intestinal activity was in part supported by Weiland (1912) 
who found that isolated intestine, and particularly isolated small intes- 
tine, yielded to its environmental saline solution a substance that exerted 
a stimulant action upon another preparation of intestine and a vaso- 
depressor effect upon its intravenous injection into a cat or rabbit. Its 
actions were readily antagonized by atropine and further study of the 
active agent was made by Le Heux (1919) who was able to isolate up to 
75 per cent of the activity in some cases as a choline salt. The amount 
that diffuses out of such an isolated intestinal preparation is quite con- 
siderable, 3 to 4 mgm. of choline from a fresh rabbit’s intestine in 
an hour. 

The older observations of Rona and Neukirch (1912) on the stimulant 
action of some salts of fatty acids, especially of acetic and pyruvic acids, 
upon the isolated intestine now became of much interest. Le Heux 
(1921) studied the effects of a series of sodium salts of formic, acetic, 
propionic, butyric and some other acids and also the effects of the corre- 
sponding esters of choline. An approximate parallelism in the relative 
intensities of effects in the two series of compounds was observed and 
all these effects were inhibited by atropine. Previous washing of the 
intestine with saline rendered the salts ineffective and in some cases the 
addition of a little choline then restored their activity upon the intes- 
tine. These facts indicated that the intestine has some power, probably 
through an enzymatic process, of synthesizing choline and acids to form 
esters and that the stimulating action of some salts depends upon the 
increased activity of the corresponding esters. The presence of an 
enzyme in the intestine that destroys acetylcholine, and therefore also 
capable of accelerating its synthesis, was shown by Abderhalden and 
Paffrath (1925), and by Loewi and Navratil (1926). A study of its dis- 
tribution in the body by Plattner and Hintner (1930) showed the in- 
testine to be among the organs containing relatively large amounts 
of this enzyme. 

A relation of vagal activity to the content of free active agent in the 
intestine was indicated by the work of Hoet (1925) who observed that 
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preparations of intestine removed from the body after stimulation of the 
vagus showed a much increased activity in comparison with normal 
preparations and this activity was readily inhibited by atropine. The 
presence of a substance pharmacologically identified as a choline ester, 
and quite probably acetylcholine, has been demonstrated in the portal 
blood of the dog and monkey by Feldberg and Rosenfeld (1933) after 
administration of eserine to inhibit the normal rate of destruction of this 
substance in the blood stream. This substance was not found to be 
present in the systemic blood or in blood from the splenic vein and must 
therefore be derived from the intestine. Recent careful pharmacologi- 
cal examination by Chang and Gaddum (1933) of extracts of the horse’s 
small intestine following partial chemical purification indicated the 
presence of about one part of acetylcholine to seventy parts of choline. 
Feldberg and Rosenfeld (1933) quote some unpublished observations of 
workers in the same laboratory that if a cat or guinea pig be treated 
with eserine before removal of the small intestine and the gut be then 
suspended in a saline solution containing eserine an extract is obtained 
that exhibits a marked activity resembling that of acetylcholine as 
tested on the leech muscle. They consider it likely that the choline 
found in extracts of intestine prepared in the absence of eserine may well 
be derived from liberated acetylcholine which was subsequently hydro- 
lysed by the esterase also present in the tissue and its extracts. 

II. Cardiac mechanisms. Clear-cut evidence of the peripheral release 
of a humoral agent in the heart perfusion fluid which causes the cardiac 
effects observed was first offered by Loewi (1921). Since that time 
Loewi and his co-workers (to 1930) have published a large number of 
papers dealing with various aspects of the liberation of a vagus substance 
from the isolated frog heart when the vagus nerve to it is stimulated. 
The amount liberated is very small but its nature has been established 
by mixed chemical and pharmacological studies of great ingenuity. 
While its action, like that of many choline compounds, is inhibited by 
atropine, it was indicated to be other than choline since acetylation of 
preparations of the active substance did not increase its activity as 
greatly as would be expected if choline were the active substance. The 
work of Loewi and Navratil (1926) is most important in identifying the 
vagus substance as a choline ester and probably acetylcholine. They 
found the vagus substance and acetylcholine, both to be rapidly de- 
stroyed by blood and extracts of the heart and other tissues and that 
eserine (physostigmine) and ergotamine inhibit this destruction. The 
potentiation of the activity of the vagus substance and acetylcholine 
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in their actions upon the heart thus has a simple explanation in terms of 
preventing their rapid destruction by an enzymatic process in tissues 
and tissue fluids. The instability of the vagus substance in alkaline 
solution and the recovery of its activity upon acetylation served further 
to relate the vagus substance with acetylcholine and there is no point 
in the evidence presented that is not compatible with the assumption of 
identity of these two materials. Extracts of heart tissue, first made 
by Witanowski (1925), show the presence of the same vagus substance 
even without stimulation of the vagus but the amount is increased in the 
tissue following nerve stimulation and is also liberated into the heart 
perfusion fluid. 

Essential confirmation of the results of Loewi and his co-workers has 
been offered by a number of workers not only with amphibian but with 
mammalian preparations. The literature on this subject was reviewed 
by Kroetz (1931) and recently by Feldberg and Krayer (1933). Most 
of the reports in the literature are in confirmation of a humoral mecha- 
nism but certain workers have reported otherwise. The Heymans 
(1926) and Tournade, Chabrol and Malmejac (1926), using crossed circu- 
lation technics in dogs, failed to observe evidence of a humoral cardio- 
inhibitory agent. As Plattner (1926) has pointed out, this is most 
probably due to the rapid destruction of the vagus substance in the 
blood, which is more rapid in mammalian blood as found by Galehr and 
Plattner (1928). Indeed, Plattner (1926) found that the work of Loewi 
using the frog heart could not be reproduced if blood instead of Ringer 
solution be used. Most recent investigators of parasympathetic hu- 
moral mechanisms in mammalian preparations have found it necessary 
to use eserine to inhibit the rapid destruction of the active agent by 
blood and the tissues. 

Feldberg and Krayer (1933) have offered the most convincing proof 
of the presence of acetylcholine, or a very similar substance, as the 
mediator of vagus inhibition of the heart in dogs and cats. After eserine, 
they found that vagus nerve stimulation regularly causes a vagus sub- 
stance to appear in the blood from the coronary vein. Bioassay of this 
substance, using leech muscle before and after eserinization and vaso- 
depressor effect in cats, indicated by both methods concentrations be- 
tween 1:10,000,000 to 1:100,000,000 acetylcholine equivalent to occur 
in the heart vein blood with the output diminishing within a few min- 
utes. Total amounts appearing in the blood following one and a half 
minutes’ vagus stimulation varied between 0.0002 to 0.006 mgm. acetyl- 
choline equivalent. That the substance is acetylcholine itself has con- 
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firmation from the fact that the two methods of assay used indicated the 
same concentration in terms of acetylcholine, and Chang and Gaddum 
(1933) have shown that differential evaluation of activity upon different 
test preparations in terms of acetylcholine equivalent furnishes quite 
unique identification of individual choline esters. 

Witanowski (1925), with the frog heart, and Plattner (1926), with the 
dog heart, showed that there is an increased content of acetylcholine-like 
substance in the tissue following vagus stimulation. The content was 
found to be increased from two to six times the normal value. It ap- 
pears that acetylcholine is formed at the nerve ends and that it normally 
passes in part into the blood and is rapidly destroyed there. There is no 
evidence as to destruction of acetylcholine before reaching the blood but 
this very possibly occurs to an important extent. Loewi and Englehart 
(1930) pointed out that while the acetylcholine content in the heart 
does not apparently alter in an hour or two in the isolated frog prepara- 
tion, the increase resulting from vagus stimulation or acetylcholine 
addition is destroyed within a few minutes. They concluded that this 
demonstrates a positional separation of acetylcholine and the esterase 
present in the heart tissue. The situation could however be thought 
of in terms of dynamic reactions of synthesis and breakdown of acetyl- 
choline alterable in their rates by energy transfer from other cellular 
metabolisms. 

In summary, it now appears well established that following stimula- 
tion of the vagus of the amphibian or mammalian heart there is an 
increased content of an acetylcholine-like choline ester, very probably 
acetylcholine itself, in the heart tissue and that in part this passes into 
the tissue fluids and the blood. The acetylcholine or like substance so 
formed acts to produce the decreased rate and amplitude of contraction 
of the heart muscle that is the evident response to vagus activity. 
The increased content of active substance in the tissue and its fluids is 
rapidly destroyed and normally this destruction appears to be so rapid 
that transfer of this substance from the heart by way of the blood in an 
effective concentration to cause physiological actions upon another 
organ is improbable and has not as yet been observed. ‘This is in accord- 
ance with the present conception of the local nature of parasympathetic 
activity. 

III. Ocular mechanisms. The presence of a humoral agent in the eye 
and its relation to the effects of oculomotor nerve stimulation of vaso- 
dilator and other eye muscle mechanisms has also been studied following 
the technics used for studies of the cardiac vagus substance. Velhagen 
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(1930) had considered this question and later (1931) showed the presence 
of a substance in extracts of the eyes of cattle that showed vasodepressor 
activity in the cat and a stimulant action upon rabbit intestine, both 
actions being inhibited by atropine His extraction procedure leaves 
much to be desired from the standpoint of sufficient rapidity and his 
results are only questionably related to the situation in living tissues. 
Plattner and Hintner (1930) evaluated the activities of acid alcohol 
extracts of the iris of rabbits using the toad heart for assay. The activi- 
ties of these extracts indicated from 0.1 to ly acetylcholine equivalent 
per gram. The action was completely abolished by atropine. Com- 
parisons of extracts made from illuminated and dark eyes were thought 
to indicate a greater activity as the result of illumination. 

By far the most precise study of the presence of this active agent in 
the eye and its close chemical and pharmacological relationship to acetyl- 
choline is that of Englehart (1931) who used toad heart preparations for 
bioassay. He found that while the normal aqueous humour of the rab- 
bit and cat does not contain any detectable amount of material like the 
cardiac vagus substance, the iris and ciliary body do and the amounts 
found correspond to the estimations of Plattner and Hintner (1930). 
Local eserinization of the eye of the rabbit, but not of the cat, yields an 
aqueous humour that exhibits a slight physiological activity upon the 
test preparation and illumination of the eye increases the amount 
present to a readily evaluated quantity. The action of the substance 
present is easily inhibited by atropine, it is not increased by acetylation, 
it is readily extractable with acid alcohol and it is destroyed by the 
aqueous humour or heart extracts at a rate closely that of acetylcholine 
under the same conditions. The activity is not due to the eserine used, 
for eserine is not detectably active in the low concentrations present in 
the extracts made and its action is not readily inhibited by atropine 
under the same conditions. Illumination of the eye does not however 
appreciably change the content of the active substance in the iris or ciliary 
body but electrical oculomotor stimulation increases it considerably just 
as is the case with vagus stimulation of the heart. After degenerative 
section of the oculomotor nerve the substance is no longer demonstrable 
in extracts of the iris or ciliary body. 

Velhagen (1932) has reported further on the nature of the substance 
present in his alcohol extracts of the uvea and retina of the eyes of cattle. 
Extracts prepared after some hours of standing of the excised tissue 
indicated 10 to 20y acetylcholine equivalent per gram of tissue of atro- 
pine sensitive activity as a vasodepressor in cats or as a stimulant of 
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isolated rabbit intestine. This type of activity of such extracts is largely 
destroyed by short periods of alkalinization or by incubation with blood, 
serum or aqueous humour, this enzymatic type of destruction being 
inhibited by eserine. Acetylation increases the activity of such extracts 
from fifty to a hundred times indicating the presence of some choline but 
insufficient to account for the total activity. In conclusion, Velhagen 
(1932) gives an extended discussion of the relationship of the reported 
observations upon the presence of a humoral agent in the eye and those 
upon the presence of other active agents in other parts of the body and 
the relation of the humoral mechanisms of the eye to clinical observa- 
tions and problems. 

IV. Vasodilator and voluntary muscle mechanisms. The excellent 
review of Gasser (1930) on contractures of skeletal muscle makes it 
unnecessary to more than outline points of interest to the present dis- 
cussion of the reactions of motor denervated tongue and limb muscles. 
The stimulation of the lingual nerve or the separated chorda tympani 
to the normally innervated tongue causes a vasodilatation but following 
degenerative section of the hypoglossal or motor nerve to the tongue 
there is also produced, after a latent period, a slow contracture of the 
tongue which outlasts the nerve stimulus. This phenomenon was first 
noted by Phillipeaux and Vulpian (1863), and later confirmed by Hei- 
denhain (1883) who termed it a pseudomotor reaction and found that 
nicotine called forth a similiar contracture response of the denervated 
tongue. A similar phenomenon was discovered by Sherrington 
(1894) who found that after motor nerve degeneration of leg muscles 
the stimulation of the corresponding vasodilator nerves likewise called 
forth a muscle contracture. In this case the vasodilator nerves are in 
the dorsal spinal root fibers and may be stimulated after section of the 
root fibers or antidromically from the peripheral sensory nerve fibers 
at their endings. Frank, Nothmann and Hirsch-Kaufmann (1922) 
studied these phenomena and related them by the action of drugs to 
the behavior of normally innervated cold blooded muscles and found 
that acetylcholine caused similar responses of vasodilatation and con- 
tracture. The action of acetylcholine was considered to be upon some 
part of the parasympathetic innervation but Dale and Gasser (1926) 
demonstrated that its muscular effect is related to that of nicotine rather 
than to muscarine and therefore directly upon the denervated muscle. 

It had been suggested by Bremer and Rylant (1924) and by Hinsey 
and Gasser (1928) that the vasodilator and pseudomotor effects might 
be best explained by assuming the peripheral liberation at the vasodi- 
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lator nerve ends of a substance that could cause both effects as a result 
of nerve stimulation. Antidromic vasodilatation had been suggested to 
be due to the intermediation of a humoral mechanism by several workers 
(see Langley, 1923) but Lewis and Marvin (1927) brought forward defi- 
nite proof of the presence of a humoral agent by showing that the 
amount of vasodilatation resulting from the local stimulation of an organ 
is dependent upon the amount of blood flowing through it and becomes 
marked when the flow is stopped. They ascribed this action to the 
presence of a histamine-like substance (H-substance). As Dale (1929) 
pointed out, it seems likely that this reflexly produced substance is 
acetylcholine or a corresponding substance and Kibjakow (1931) has 
observed that the limb blood of the cat, after stimulation of the related 
spinal root fibers, produces a vasodilatation of an isolated rabbit ear 
preparation, which effect is related to acetylcholine and opposed to that 
of histamine. 

If it be assumed that acetylcholine or a choline ester is involved in 
antidromic vasodilator effects as it is in parasympathetic vasodilator 
effects, the vasodilatation and contracture of motor denervated muscle 
as the result of stimulation of its vasodilator nerves are brought into 
relationship. It is of interest that Kuré and his co-workers (1928, 1930) 
have brought forth histological evidence that every spinal segment has 
fine medullated fibers in its dorsal roots that would thus appear to be 
classified with the parasympathetic innervation of the craniosacral 
segments. This evidence has been however questioned by several in- 
vestigators and the status of the problem is given by Hinsey (1933). 
Hinsey and Gasser (1930) had shown that the vasodilatation and pseudo- 
motor reactions of the motor denervated leg muscles are produced by 
so-called fine sensory fibers in the sciatic and Rijnberk (1917) had ex- 
cluded the participation of sympathetic fibers by observing the same 
effects following their degeneration after section. The recent work of 
Hinsey and Cutting (1933) would seem however to indicate the possible 
involvement of the post-ganglionic sympathetic fibers. Hunt (1918) 
observed that the vasodilator action of acetylcholine in character and 
distribution of effect in the leg muscles closely resembles that caused 
by peripheral stimulation of the appropriate posterior spinal nerve root 
fibers. The significance of this fact was not immediately evident since 
the effects of acetylcholine were found to be readily and completely 
abolished by atropine which has no inhibitory effect upon vasodilatation 
resulting from nerve stimulation. 

In his review on muscle contractures, Gasser (1930) pointed out some 
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of the objections to accepting acetylcholine or a choline ester as the 
mediator of the effects upon denervated mammalian muscle, particularly 
the ease with which atropine prevents the vasodilator effects of acetyl- 
choline but leaves the similar effects of chorda tympani or spinal nerve 
stimulation unaffected. Dale and Gaddum (1930) established that 
local application of atropine did however prevent the contracture of 
denervated muscle by acetylcholine and suggested that the action of 
atropine is possibly due to a barrier-like mechanism that prevents the 
action of injected acetylcholine but can have no effect when this same 
substance is liberated at the receptive mechanism of the muscle. 

The study of the potentiation by eserine of the action of both acetyl- 
choline and the pseudomotor reactions following lingual and spinal root 
stimulation by Dale and Gaddum (1930) was of prime importance in 
establishing a relationship between acetylcholine and the humoral agent 
involved in the contractures of denervated mammalian muscle. The 
action of acetylcholine upon muscle was found to be much potentiated 
by eserine by Fiihner (1918) and later by Loewi and Navratil (1926). 
This has been quite well established as being due to an inhibition of its 
normally rapid destruction by esterases in the blood and tissues (see 
Matthes, 1930, for example), and therefore the actions of choline or tetra- 
methylammonium salts are not similarly potentiated but those of choline 
esters are (Chang and Gaddum, 1933). Since eserine potentiates the 
pseudomotor responses as well as the vasodilator responses following 
lingual or spinal root, stimulation just as it does the action of acetyl- 
choline on the same preparations but not that of a tetramethylammo- 
nium salt, very strong evidence is offered for the intervention of but one 
humoral agent and that this agent is a choline ester. Bain (1932) 
reported in confirmation of this idea that when the tongue is perfused 
with blood-free saline, stimulation of the lingual nerve causes the per- 
fusate to become active in stimulating isolated rabbit intestine, indicat- 
ing the presence of a substance similar to acetylcholine. 

Feldberg (1933) has recently studied certain aspects of the response 
of the motor denervated tongue of the dog. The time course of the 
development of sensitivity to acetylcholine after hypoglossal section 
shows a steady increase and then a decrease after some weeks. The 
effect of lingual nerve stimulation is at a maximum when the acetyl- 
choline sensitivity is at a maximum but lags in reaching maximum sensi- 
tivity and disappears earlier. Even at times of maximum sensitivity 
the vasodilator response is much more sensitive than the contracture 
response both to acetylcholine or lingual stimulation. All of these ob- 
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servations fit in with the hypothesis of Dale (1929) of the liberation of 
acetylcholine as the result of lingual nerve stimulation that calls forth 
vasodilatation and also contracture of the motor denervated mammalian 
muscle. 

Feldberg (1933) also was able to demonstrate that following lingual 
nerve stimulation an acetylcholine-like substance appears in the venous 
blood flowing from the tongue. An intravenous dose of eserine previous 
to the experiment is necessary to inhibit its otherwise rapid destruction 
and the similarity of the substance produced to acetylcholine was estab- 
lished in several different ways. Its action on leech muscle is not evi- 
dent except after eserinization. Its activity is destroyed by blood like 
that of acetylcholine, and eserine inhibits the rate of these two destruc- 
tions in like manner. The substance depresses the blood pressure of the 
cat and this response is antagonized by atropine and potentiated by 
eserine. Quantitative estimation of acetylcholine equivalent on both 
the eserinized leech muscle and the circulation in the cat indicated the 
same concentration, 1:100,000,000, to be present in the blood following 
nerve stimulation. Feldberg (1933) considered these results to establish 
quite conclusively that the active substance is acetylcholine itself and 
not simply a choline ester. 

V. Vasodilator and secretory mechanisms. Aside from the parasympa- 
thetic fibers that pass through the facial nerve and the chorda tympani 
then through the lingual nerve to the tongue, there are certain fibers that 
separate from the lingual nerve and innervate the salivary glands. 
These fibers are commonly referred to as the submaxillary and sublingual 
nerves and present day evidence indicates that stimulation of these 
nerves liberates acetylcholine or a similar substance just as does the 
stimulation of the nerves passing through the lingual nerve to the tongue. 
Demoor (1913) observed that salivary secretion following stimulation of 
the chorda tympani contained an active agent which when injected into 
the blood stream cause salivary secretion. Some time later these ex- 
periments were amplified by Guimarais (1930) who observed that per- 
fusion of dog, beef or human saliva or extracts made therefrom with 
alcohol contained a substance stimulating the salivary gland of the dog 
to secrete. 

Von Beznak (1932), following the ideas of Loewi, Dale and others 
regarding the general importance of humoral transmission of parasym- 
pathetic nervous activity, found that the venous blood from the dog’s 
submaxillary gland acquires the property, after chorda stimulation, of 
stimulating salivary secretion when injected immediately into the 
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external maxillary artery of another dog. He also reported finding an 
increased choline content of such blood as determined by acetylation of 
an alcoholic extract and subsequent bioassay on the frog heart. He 
reported that a concentration of 0.0015 per cent added acetylcholine 
was necessary to produce salivary secretion under similar conditions and 
considered it likely that this concentration at least was produced in the 
blood following chorda stimulation. Later study by von Beznak (1932) 
showed an increase in the acetyl-choline-like activity of dog’s submaxil- 
lary gland extracts following chorda stimulation. Resting values of 
such gland extracts indicate about 0.2 to 0.4y total acetylcholine equiva- 
lent per gland, and these are increased in some cases tenfold after chorda 
stimulation. After degenerative section of the chorda innervation no 
change in the acetylcholine equivalent of the gland extracts was noted 
although so-called ‘‘paralytic secretion’’ of saliva results. Henderson 
and Roepke (1931) failed to confirm this increase in acetylcholine equiva- 
lent of gland extracts following chorda stimulation. The recent careful 
work of Chang and Gaddum (1933) indicate that some 11 to 28y of 
total acetylcholine equivalent is present in normal dog’s submaxillary 
glands and that the content is not consistently changed after chorda 
stimulation, but degenerative section of the chorda causes the acetyl- 
choline equivalent to decrease in every case to about one-half that of 
normal. The reasons for the discrepancies between reported works are 
not evident but it was pointed out that the bioassays made by von 
Beznak were made with the frog heart and that this test object is affected 
by a large number of substances in tissue extracts other than acetyl- 
choline while the eserinized frog’s rectus used by Chang and Gaddum is 
quite specific for acetylcholine and related choline esters. 

Better proof of the presence and nature of the humoral mediator of 
chorda tympani stimulation of the salivary glands was later established. 
Babkin, Gibbs and Wolff (1932) found that after eserinization, cats 
respond to chorda stimulation with a sudden fall in blood pressure 
that is due in part at least to a sudden dilatation of the blood vessels 
of the gland. By temporary perfusion of the normal gland with saline, 
Gibbs and Szeléczey (1932) showed that in eserinized dogs and cats, 
following chorda stimulation, a depressor substance could be washed out. 

This substance which they referred to as ‘“chorda-stoff,’’ was studied 
with regard to its vasodepressor and salivary secretory effect in cats 
and its effects on the isolated frog heart or rabbit intestine, and was 
found to be identical with acetylcholine or Loewi’s “vagus-stoff.”” Thus 
all these actions were found to be inhibited by atropine and the activity 
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of the perfusates was readily destroyed by blood cells, with inhibition 
of such destruction by eserine. As with the production of the “vagus- 
stoff’’ by the heart, Gibbs and Szeléczey (1932) found that stimulation 
of the chorda after its secretory response has been paralyzed by atropine 
still produces a liberation of ‘“chorda-stoff’’ into the perfusion fluid. 

Henderson and Roepke (1932) independently observed that eserine 
injection into a dog following denervation of the salivary gland causes a 
very slow flow of saliva that is much increased on stimulation of the 
vagus. Perfusion of the salivary gland with a gum and saline solution 
containing 1:1,000,000 eserine sulfate yields perfusates of negligible ac- 
tivity except when the chorda is stimulated, whereupon their activity 
becomes comparable to that of a 1:40,000,000 acetylcholine solution. 
The activities tested on the isolated frog heart and rabbit intestine 
were inhibited by atropine and the activity of the extracts was readily 
destroyed by alkalinization. The perfusates following the cessation of 
chorda stimulation were found to be active even when taken over two 
hours following the cessation of nerve stimulation and the authors sug- 
gest that under certain non-physiological conditions acetylcholine or 
similar substance may be formed from a labile precursor. Atropine 
sufficient to completely suppress salivary secretion by acetylcholine 
injection or chorda stimulation did not alter the vasodilator responses 
caused by either of the two methods. 

VI. Sympathetic mechanisms. At the present time there are no data 
showing precise relationships between physiologically occurring acetyl- 
choline and sympathetic nervous mechanisms but there are a certain 
few biochemical and pharmacological observations that are of interest. 
The early work of Hunt (1899, 1901) indicated that the suprarenals con- 
tain considerable quantities of choline and probably a more active cho- 
line derivative. Recent analyses of the acetylcholine equivalent of body 
tissues by Chang and Gaddum (1933) establish the suprarenals to be 
among the tissues having relatively large amounts of such substance. 
Further, their observations of quite appreciable acetylcholine equiva- 
lents of extracts of sympathetic nerve and ganglia are pertinent. 

Dale (1914) showed that acetylcholine actions in the body are essen- 
tially like those of muscarine and nicotine in combination and that the 
pressor effects of acetylcholine are related to nicotine as both apparently 
exert an action upon sympathetic ganglia. Like nicotine, acetylcholine 
causes a rise in blood pressure when its muscarine depressor activity is 
abolished by atropine and this effect has been made the subject of special 
study by Feldberg and Minz (1931). They found the pressor response 
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resulting from the injection of doses below about 1 mgm. acetylcholine 
chloride per kilogram intravenously in cats, dogs and rabbits to be 
exclusively, or nearly exclusively, due to liberated epinephrine from the 
suprarenals. This effect is not upon ganglia of other glands or of smooth 
muscle or upon the central nervous system and epinephrine liberation 
is noted following acetylcholine injection directly into the parenchyma 
of the gland. The pressor response following doses above about 5 mgm. 
per kgm. is only in part dependent on the epinephrine so liberated from the 
suprarenals, for these doses work almost as actively after suprarenal ex- 
tirpation. Repeated large doses of acetylcholine may reduce the epi- 
nephrine content of the suprarenals to less than half the resting value. 

A “paralyzing’”’ action upon the suprarenals, as after large doses of 
nicotine, was not observed by Feldberg and Minz (1931) with acetyl- 
choline, but large doses of both nicotine and atropine diminish or abolish 
the epinephrine liberating action of acetylcholine. A differentiation 
of the “stimulating” and “paralyzing” nicotine types of activity has 
often been noted in series of choline derivatives, for example by Dale 
(1914) and also by Hunt and Renshaw (1929) in several series of such 
compounds. A differentiation in the “stimulating”’ pressor activities 
of choline derivatives has been noted and particularly discussed by 
Simonart (1932) who found that while the pressor activities of certain 
ethers and esters of choline are not greatly dissimilar, the ethers show 
relatively slight action in liberating epinephrine from the suprarenals. 

MuscarineE. The physiological actions of muscarine were well re- 
viewed by Fihner in Heffter’s Handbuch (1923) and but few important | 
recent physiological studies have been made with this active principle 
of Amanita muscaria, L. Gasser (1926) studied the effects of muscarine 
and acetylcholine upon plexus-free segments of the circular coat of the 
intestine and found that both of these compounds are active upon some 
of such preparations and that atropine inhibits their activity. Thus it 
would seem best to consider that their action upon smooth muscle in 
general is upon some receptor mechanism or substance distinct from that 
of the nerve ending though commonly in close physical relationship to it. 
With regard to the action of muscarine and acetylcholine upon dener- 
vated mammalian striated muscle, Dale and Gasser (1926) showed that 
muscarine is inactive whereas acetylcholine exhibits a marked action in 
causing contracture of the muscle. This was taken to indicate that 
such activity on the part of acetylcholine is not directly related to 
its action upon smooth muscle receiving parasympathetic innervation. 
Muscarine is about the most specific type of drug acting upon the para- 
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sympathetic nervous system, all of whose actions can be closely corre- 
lated as a “homogenous pharmacological syndrome”’ as expressed by 
Gunn (1927), which bespeaks a commonness of receptive mechanisms 
for its different points of action. 

The major recent contribution to the knowledge of muscarine is 
however the establishment of its chemical composition and probable 
structure. The structural differences of muscarine and acetylcholine 
must in some way furnish the clue to the differentiation of the drug 
receptive mechanisms of the parasympathetic nerve endings or 
corresponding muscle, the autonomic ganglia in general, and those of 
voluntary muscle. Consequently, the more clear cut examples of this 
differentiation that are afforded with compounds of known chemical 
constitution the more hope there is for insight into the mechanism by 
which any one of them acts and for a knowledge of the cellular 
substances with which they react. 

Schmiedeberg and Harnack (1876) believed they had isolated mus- 
carine in a pure form and as a result of their analyses assigned to it the 
somewhat improbable formula of a hydrated betaine aldehyde, 


HO 
N (CH;); - OH 
H 


Further, they described a supposed method of preparation of this com- 
pound by oxidation of choline with nitric acid and termed this product 
“synthetic m ine.”’ Meyer (1893) investigated a betaine aldehyde 
preparation made for him and found it to be quite different from mus- 
carine in its activity upon the frog heart. The recent study of Voet 
(1929) reviews previous work on betaine aldehyde and the physiological 
action data presented show it to be different in many of its actions from 
natural muscarine and correct some previous conflicting reports on the 
activities of this compound. Ewins (1914) and Dale (1914) showed that 
“synthetic muscarine”’ is chemically identical with the nitrous ester 
of choline, ON-O-CH.-CH:-N(CH;);-OH, and that these two materials 
are identical in their physiological properties and different from true 
muscarine, by exhibiting in part actions similar to those of nicotine. 

New work on the isolation of the active principle of amanita extracts 
by King (1922) resulted in the isolation of a small quantity of muscarine 
as a pure aurichloride and established that the early analytical results 
of Schmiedeberg and Harnack (1876) were in error. Bioassay of 
muscarine chloride prepared from the pure aurichloride showed it to be 
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five times as active as acetylcholine on isolated rabbit intestine. Kégl, 
Duisberg and Erxleben (1931) have offered the next to the final step 
to the solution of the chemical problem in that they improved the isola- 
tion technic and from 1250 kgm. of fungus were able to isolate some 137 
mgm. of muscarine base in the form of a pure reinecke salt. With this 
amount they established that its basic ion has the formula (CgH,s0.N)+ 
and is slightly dextrorotatory. The pure substance gives strong alde- 
hyde reactions in solution and on distillation with silver oxide yields 
trimethylamine and a dioxyvaleric acid that was established to be the 
one having the formula CH;-CH:-CHOH-CHOH-COOH which most 
probably resulted from oxidation, by the silver oxide present, of the alde- 
hyde CH;-CH,-CH = CH-CHO. The formula for muscarine is conse- 
quently quite surely either: 


CH;—CH.—CHOH—CH—CHO or  CH,;—CH,—CH—CHOH—CHO 
N(CH;)? N(CH;)s 


the former being considered the most probable because of analogy to 
other biochemically important compounds. The final step, the syn- 
thetical preparation of muscarine has not yet been reported. 
CARBAMINOYLCHOLINE. Kreitmair (1932) reported some studies 
upon a new class of choline esters, particularly the carbamic ester of 
choline, whose chloride, NH2-CO-O-CH2-CH2-N(CH;);:Cl, appears to 
be a stable compound, readily soluble in water but not hygroscopic like 
acetylcholine chloride. The suggestion was made that it is not impos- 
sible that such an ester might naturally exist in the body because of the 
known rdle that liver plays in choline metabolism and its ability to 
form carbaminoyl derivatives, urea in particular. Aside from the fact 
that carbaminoy] choline appears to be a very active compound physio- 
logically it is of special interest since Kreitmair (1932) claimed that it is 
active after oral administration, due presumably to the resistance of the 
urethane group to rapid breakdown in the body. His evidence of oral 
activity is not at all convincing but he found its toxicity in mice when 
intravenously injected to be 35 times that of acetylcholine while it is 
200 to 300 times more toxic following subcutaneous or oral administra- 
tion indicating that its destruction is certainly less rapid than that of 
acetylcholine. Intravenously in the cat its vasodepressor activity is 
reported to be from 10 to 1000 times as great as that of acetylcholine 
and the effect is more prolonged. This higher figure is certainly in error 
or due to special experimental conditions because the relative activity 
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of acetylcholine to choline is given as but 1000 times greater. The 
depressor effect of carbaminoylcholine in small doses is not due to any 
change in cardiac output but entirely due to vasodilatation. On the iso- 
lated rabbit uterus contraction is caused by a concentration of 
1: 50,000,000 and it was reported to be about 25 times more active 
than histamine in producing such effect. 

Further studies with this substance by N6ll (1932) and recently by 
Velten (1933) have shown that carbaminoylcholine acts qualitatively 
upon all the organs studied like acetylcholine but quantitatively it was 
reported to be usually more active. On the isolated rabbit intestine 
the two compounds were about equally active but in vivo studies on this 
organ showed that while 0.0025 mgm. carbaminoylcholine per kilogram, 
intravenously, caused a maximal increase in tone and movement, acetyl- 
choline in doses up to 0.1 mgm. per kgm. had no action on the gut al- 
though marked vasodepressor effects and often cardiac arrhythmias 
were observed. Comparison with arecoline in the cat, using a barium 
meal and x-ray photography, showed carbaminoylcholine to be more 
than five times as active as arecoline in moving the test meal along the 
gastro-intestinal tract. It causes a marked secretion of acidic and pro- 
teolytically active gastric juice and was found to be at least 100 times 
as active as arecoline and some 10 times as active as histamine in pro- 
ducing this secretory effect. With the intact cat uterus preparation, 
intravenously injected carbaminoylcholine was found to be more than 
five times as active as ergotoxine in causing contraction of this muscle. 

The properties of this new compound as reported by the German 
workers are certainly outstanding in many respects and challenge 
further investigation. Chang and Gaddum (1933), incidental to the 
main thesis of their report, state that the high degree of activity of car- 
baminoylcholine has not been evident in their testing of its activities. 
A study of the pressor activity of carbaminoylcholine after atropiniza- 
tion by Feldberg (1932) indicated it to be but about half as active as 
acetylcholine in this respect. 

ACETYL-8-METHYLCHOLINE. Another synthetic choline derivative 
that shows certain characteristic differences in its activities from those 
of acetylcholine is the acetic ester of 8-methylcholine, 


CH;—CO—O—CH—CH;—N (CH3)s Cl 


This compound was supposedly studied by Hunt and Taveau (1911) 
and by Hunt (1914) but there is considerable question today as to the 
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purity and identity of the preparations of the methylcholines that they 
worked with. Major and Cline (1932) considered the methods of 
preparing pure methylcholines and their observations with regard to 
formerly used preparations serve to explain in part why the pharma- 
cological studies of Simonart (1932) on pure methylcholines and their 
derivatives differ in several respects from the previous work. 

Simonart (1932) found that the relative vasodepressor activity of 
acetyl-6-methylcholine in comparison with acetylcholine depended upon 
the doses used; with small doses acetylcholine is somewhat the more 
active but with large doses acetyl-8-methylcholine is the more effective. 
The reason for this seems to be related to the less rapid destruction of the 
latter by the esterases in body fluids as demonstrated by Simonart 
(1931). A most interesting feature of the action of acetyl-8-methyl- 
choline is its failure to cause a rise in blood pressure following the ad- 
ministration of even large doses of atropine. Only a depressor effect 
results which is in contrast to the pressor effect of acetylcholine under 
the same conditions, which is due to a nicotine-like type of action either 
upon the suprarenals or the sympathetic ganglia. A study of the effects 
of these compounds upon the denervated cat’s gastrocnemius, which is 
a sensitive preparation for demonstrating nicotine like activity on 
voluntary muscle, according to Dale and Gasser (1926), showed acetyl- 
B-methylcholine to be less than a thousandth as active as acetylcholine 
in this respect. Recent further studies of the pharmacology of acetyl-6- 
methylcholine by Comroe and Starr (1933) show that in general it 
causes effects similar to those following parasympathetic nervous action 
on the organs receiving such innervation. 

The duration of the effects of acetyl-8-methylcholine and its freedom 
from appreciable nicotine-like activities suggested its trial as a useful 
drug for specifically stimulating the parasympathetic nervous system. 
Its greater stability should increase its effectiveness after subcutaneous 
or oral administration. A series of clinical papers by Starr, Elsom and 
Reisinger (1933), Abbott (1933) and Starr (1933) have considered its 
effectiveness as a drug in man. Subcutaneous doses of 5 mgm. acetyl- 
B-methylcholine were found to produce a fall in blood pressure in half 
and a flushing of the skin in all persons studied with this dose, whereas 
50 to 100 mgm. doses of acetylcholine chloride similarly administered 
were without apparent effects. Oral administration of acetyl-8- 
methylcholine required 50 to 100 times the effective subcutaneous doses 
and the effects were slow in onset and mild in degree, indicating a marked 
degree of destruction during absorption. Following subcutaneous 
administration, secretory and cardiovascular activity dominate the 
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picture while after oral administration the effect upon the gastro-intes- 
tinal tract is more evident. 


From the physiological point of view the actions of acetyl-8-methy]l- 
choline are of special interest because the introduction of the methyl 
group in the chain in this position, but not in the a-position, prevents 
its action on the receptor mechanisms of sympathetic ganglia and volun- 
tary muscle upon which nicotine and acetylcholine exert their effects. 
The action of the compound with regard to parasympathetic or posterior 
root vasodilator mechanisms is however but little different from that of 
acetylcholine. Thus acetyl-8-methylcholine furnishes another com- 
pound like the well known muscarine that serves to distinguish the 
receptor mechanisms or substances involved in such drug effects. 
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